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Conducting elastomeric fibres provide essential building blocks for strain sensor 
textiles. In this thesis, a number of strategies are studied leading to the fabrication of 
conducting elastomeric composite fibres for strain sensing applications. To reach this 
goal, fibres are required that are not only highly electrically conducting but also 
possess outstanding mechanical properties to permit integration into larger assembled 
structures such as textiles. It is, however, a challenge to retain the high stretchability 
of an elastomer when used in polymer composites. Likewise, the high conductivity of 
organic conductors is typically compromised when used as filler in composite 
systems. In this thesis, it is demonstrated that it is possible to mitigate these 
undesirable effects and achieve elastomeric fibre composites with high electrical 
conductivity and more importantly, attain mechanical properties that are useful for 
strain sensing applications. 
In the light of its high electrical conductivity, excellent solvent processability, and 
high stability, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) was employed as a conducting filler for integration within the medical 
grade polyurethane (PU) through the wet-spinning scheme. Preparation and 
optimisation of PU/PEDOT:PSS spinning formulation was undertaken. The 
PU/PEDOT:PSS fibres produced exhibited unrivalled electrical properties 
(conductivity of up to ~25 S cm
-1
) and outstanding mechanical performance (Young’s 
modulus ~23.5 MPa, yield stress ~4.1 MPa, tensile strength ~22.7 MPa, elongation at 
break ~345 %, and toughness ~39.8 MJ m
-3
 at ~13 wt. % PEDOT:PSS). Percolation 
theory in electrical conductivity studies suggested that the full potential of 
PEDOT:PSS as the conductor in the PU composite system was realised. This finding 
is unprecedented in literature. A wide range of strain sensing (up to ~260 % strain) 
was noted for the PU/PEDOT:PSS fibres upon stretching with a highly sensitive 
resistance signal. 
The excellent mechanical properties and electrical conductivity (after reduction) 
of ultra-large graphene oxide (ULGO), together with its unique ability to form 
nematic liquid crystal (LC) phases as a utilising the ultra-large sheets opened up 
avenues for the fabrication of a new class of conducting elastomeric composite fibres. 
Significantly stiffer, stronger, and tougher composite fibres than the parent PU fibre 
were presented while exhibiting the same levels of stretchability (Young’s modulus 
 
v 
~258 MPa, yield stress ~7.9 MPa, tensile strength ~38.9 MPa, elongation at break 
~436 %, and toughness ~74.5 MJ m
-3
 at ~2.9 wt. % ULGO). A very high rate of 
reinforcement (~16 GPa) was calculated for the composite PU/ULGO fibres, which 
was more than three times that of the previously reported values for other elastomeric 
composites. These exceptionally high mechanical properties were demonstrated to 
emanate from the formation of an ordered structure as a result of the incorporation of 
LC formulations of ULGO as well as the inclusion of ULGO into the hard segment 
domains of PU, facilitating PU soft segment extensibility and strain-induced 
crystallisation. In addition, integration of ULGO within the PU host, resulted in the 
realisation of electrical conductivity at an extremely low percolation threshold of 
~0.11 wt. % reduced GO (rULGO, annealed at 170 °C 12 h). This combination of 
high electrical conductivity and outstanding mechanical performance imparted strain 
sensing capabilities to the PU/rULGO fibres (up to a strain magnitude of ~75 %). The 
notable feature of the PU/rULGO fibre strain sensor was its reversible and repeatable 
strain induced resistance response after the first few cycles of cyclic stretching, which 
suggested an ideal strain sensing behaviour. 
Other conducting fillers such as carbon black (CB), single walled carbon nanotube 
(SWCNT), chemically converted graphene (CCG), and solvent exfoliated graphene 
(SEG) were also incorporated into the PU host and successfully transformed into 
conducting composite fibres via the wet-spinning approach. The PU/CB, 
PU/SWCNT, PU/CCG, and PU/SEG fibres, although less conducting electrically or 
inferior mechanically compared to PU/PEDOT:PSS and PU/rULGO fibres, 
demonstrated great potential due to their reasonably balanced properties which could 
be tailored to achieve desired strain sensing properties. Notably, the PU/CB fibre (CB 
16.7 wt. %) exhibited a negative strain sensing behaviour (albeit at a low strain 
magnitude of 10 %) which is highly desirable for practical applications. 
The applicability of the wet-spinning approach was applied to another medical grade 
elastomer, namely poly(styrene-b-isobutylene-b-styrene) (SIBS), was also 
demonstrated by fabrication of SIBS/PEDOT:PSS fibres. These fibres presented strain 
sensing capabilities up to 20 % strain. A melt-spinning technique was also employed 
for the fabrication of PU/PEDOT:PSS and PU/ULGO fibres and exhibited great 
potentials for facile production of fibre strain sensors. These findings indicate that it is 
possible to tailor the electrical and mechanical properties of a fibre by the right choice 
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of the elastomeric host, the conducting filler, and the amount of filler loading through 
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Textiles provide a versatile platform for integration of sensing, monitoring, and 
information processing elements.
1
 These types of fibres, yarns, or fabrics often 
referred to as “smart textiles”
1–4
 are capable of providing a response when exposed to 
environmental stimuli from mechanical, thermal, chemical, electrical, or magnetic 
sources.
1
 Of particular interest are textile assemblies that can convert physical 
actions, i.e. deformations, to electrical signals. Such textile-based “strain sensors” 
offer many advantages over their conventional counterparts. Typically fabricated 
from rigid materials such as metals or silicon, conventional strain sensor devices can 
only withstand strains of up to a few percent.
5
 Moreover, they are not suitable for 
wearable strain sensor devices as they result in hard-to-wear and non-everyday-
friendly assemblies.
6
 Textile-based strain sensors, on the other hand, offer a new 
generation of devices that combine wearability and high stretchability owing to the 
inherent properties of textile materials.
7
 
Production of strain sensor textiles is challenging as textile materials are typically 
electrically insulating. Imparting the strain sensing functionalities can occur at 
various stages of production – at the fibre spinning level, during yarn/fabric 
fabrication, or at the final finishing stage.
1
 This is often carried out by integration of 
electrically conducting materials within the fibre, yarn, or fabric. A seamless 




Functional strain sensor textiles should be light-weight, have the feel of a textile, 
and be comfortable to wear. Owing to their relatively high conductivity, flexibility, 
processability, and stability, organic conductors are well-suited for the fabrication of 
textile-based strain sensors.
5,6





























 Also, when integrated within textiles, organic conductors can provide good 
compatibility with the textile structures.
7
 
The presence of conductive elements imparts piezoresistive (resistance change by 
strain) properties to the textile enabling the detection of strain.
10
 Textile strain 
sensors can then be integrated into wearable clothing and garments to achieve strain 
sensors with a wide dynamic range.
10
 Integrating strain sensor textiles into the 
clothing provides the advantage of being personal, comfortable, and conformable to 
the body and can be worn almost anywhere at any time.
16
 
It is crucial that the textile strain sensor be able to withstand strains without a 
significant reduction in mechanical properties. This is very important for subsequent 
fabrication steps (e.g. weaving, knitting, and braiding) and also from a functional 
application point of view. Retaining conductivity under strain during use is also 
critical for applications of strain sensor textiles.
14
 Therefore, the conducting 
component should be intimately integrated within the textile structure to be able to 
endure mechanical deformation without affecting the characteristics (e.g. flexibility, 
feel, and softness) of the original textile.
7
 
Further, a linear or monotonic change in electrical response with strain is highly 
desirable for strain sensing applications.
7
 This allows establishment of a relationship 
between resistance and strain.
24
 Electrical properties of the textile strain sensor 
should also be in a measurable range.
7
 The change in resistance with strain should be 
significant. This is expressed by gauge factor (the magnitude of the resistance change 
over applied strain) which defines the sensitivity of the strain sensor. The higher the 
gauge factor, the more sensitive is the strain sensor. 
The strain sensor should also represent high reversibility and reproducibility. 
Reversibility refers to the ability of the sensor to return to the original (unstretched) 
resistance value after unloading and reproducibility means similar resistance 
behaviours at different cycles.
17
 Good environmental stability is also important for 
possible applications in smart garment.
11
 
One advantage of integrating strain sensors into textiles is the reproducible and 
sharable sensing which opens doors to a range of new applications such as detection 
of human motion, monitoring personal health, therapeutics, recreation, virtual reality, 
robotics and health care.
25
 These applications require large strain sensing. For 




contracts by as much as 55%.
25
 This amount of deformation exceeds the limits of 
conventional strain sensors. Therefore, applicability of the strain sensor textiles is 
also defined by their range of strain sensing.  
1.2 Fibre spinning technologies 
The process by which fibres are formed from a polymer liquid (melt or solution) is 
often referred to as fibre spinning. The polymer fluid is called “spinnable” if a 
continuous thread is formed and the thread can be hardened. There are several 
methods of fibre spinning and the method to use for fibre production is determined 
by the physical and chemical properties of the polymer. Fibre spinning can be carried 
out through two general schemes: a) melt spinning and b) solution spinning. 
Depending on the solidification process, solution spinning can be divided into two 




Melt-spinning method is used to produce fibres from polymers that melt 
(thermoplastic polymers) to give a viscous liquid without decomposition or 
degradation. Melt-spinning involves heating the polymer to form a viscous melt. 
Spinning temperature is often higher than the melting temperature of the polymer in 
order to achieve the sufficient melt flow. The polymer melt is extruded through a die, 
called spinneret, to form a filament which is solidified in a cooling chamber and 
collected on a winder. Solidification occurs merely as a result of heat transfer. Melt 
spinning is simple, versatile, and economical and offers a high production rate. 
However, its applicability is limited to thermoplastic polymers that are stable at 
temperatures higher than their melting points and are also resistant to thermal 
oxidation. Temperature control is needed to achieve the desired properties. 
Furthermore, internal micro-structural development in melt-spinning is often poor 




Dry spinning requires the preparation of a spinning formulation by dissolving the 
polymer in a solvent. The solution is then extruded through a spinneret at a 
controlled flow rate and a gel filament is formed. Solidification occurs in a chamber 




solid fibre is produced that is collected onto a winder. Solidification mechanism in 
dry spinning is more complex than melt spinning and involves inward heat transfer 
and outward mass transfer processes. Non-circular fibre cross-sections are often 
realised as a result of a collapse of the outer skin layer formed around the gel 
filament at the early stage of spinning and a subsequent evaporation of the solvent 
trapped inside of the filament. Dry spinning is relatively flexible, is suitable for heat-
sensitive polymers, and requires a low amount of solvent. However, it is only 





In the wet-spinning method, the spinning formulation prepared by dissolving the 
polymer in a suitable solvent (which may be a high boiling-point solvent) is injected 
into a bath of chemical, called the coagulation bath, through a spinneret at a 
controlled flow rate. The solvent system present in the coagulation bath acts as a 
non-solvent resulting in the precipitation of the polymer from the spinning 
formulation. Solidification involves an inward mass transfer of the non-solvent and 
outward mass transfer of the solvent in the gel filament inside the coagulation bath. 
The morphology of the final fibre, i.e. cross-section, will therefore depend on the 
coagulation rate which is also influenced greatly by the mass transfer rate difference 
between the solvent and non-solvent. Wet-spinning is applicable to a wide range of 
polymers, can be employed when the polymer solvent is not volatile, and offers great 
control on the structure of the fibre. A limitation of this method is that it has a 








Elastomers are classified as materials with low glass transition temperatures (Tg < 
room temperature), high deformability, and high recovery from the deformation.
29,30
 
In order for a material to exhibit an elastomeric behaviour, the following 
requirements must be satisfied: 
 
1. the presence of flexible long chain molecules, with freely rotating links 
2. weak secondary forces between the molecules 




Due to the internal vibrations and rotations, originating from thermal 
fluctuations, some degree of flexibility is expected in the polymer chains. However, 
for the material to be elastomeric, the motions of the polymer chains must not be 
hindered by the surrounding molecules, i.e. they must have the freedom to take up a 
variety of statistical conformations. This implies that the forces between the 
molecules (secondary forces) should be weak, as in a liquid. Introduction of a 
number of cross-links at points along the chains produces a coherent network in 
which all molecules are linked together and prevents flow of the material.
31,32
 
From the production point of view, elastomers can be natural or synthetic and 
from the processability point of view, they can be classified as thermosetting or 
thermoplastic.
33,34
 The major difference between the thermosetting and thermoplastic 
elastomers is, the type of crosslinking bonds in their structures. Thermosetting 
elastomers gain their strengths from an irreversible cross-linking process called 
vulcanisation (curing) during which covalent bonds are formed as a result of heating 
or reaction with special chemical agents (sulphur or other curatives). Thermosetting 
elastomers will not melt by heating and offer little or no solubility in common 
solvents.
33,34
 Thermoplastic elastomers, on the other hand, are elastomers with 
thermoreversible cross-links that allow the melt-processing of the material. These 
cross-links consist of weaker dipole or hydrogen bonding interactions and can 
reversibly form when the elastomer is cooled down to sufficiently low temperatures. 
Furthermore, as a result of these weaker bonds, most thermoplastic elastomers are 






There are a number of elastomers that demonstrate good biocompatibility with 
neighbouring tissues and have been used in a range of biomedical applications, such 
as drug delivery and tissue engineering.
30,35–38
 This family of elastomers is referred to 
as bioelastomers
30,36
 and are classified into two categories: a) biostable 
bioelastomers, suitable for long term physiological contact or implantation and b) 




Numerous bioelastomers with diverse range of properties such as biostability or 
biodegradability have been produced and reported in literature. Table ‎1.1 lists some 
common bioelastomers with their structures and properties. The aim of this thesis 
was to produce elastomeric fibres suitable for wearable bionic applications. Hence, 
the target elastomer must be biostable and be processable through melt-spinning or 
solution-spinning schemes. This leads to the selection of thermoplastic biostable 
bioelastomers. Two elastomers from this family, namely polyurethane (PU) and 
poly(styrene-b-isobutylene-b-styrene) (SIBS) known for their excellent biostability 




























Natural elastomers         
Protein-based elastomers
39
        
Elastin
40
 Bovine ligament -46 – -21 1.1 150 2 1.6 90 No 
Resilin
41
 Dragonfly tendon – 2 190 4 4 92 No 
Collagen
42
 Mammalian tendon – ~2690 ~13.8 ~366 6 90 Possible 
Spider silk
43
 A. sericatus frame silk – ~9810 ~27 ~1420 ~158 ~36 No 
Synthetic elastomers
30,35–37
       











































































































Adapted with permission from (Guelcher, S.A. Tissue Eng. Part 




 -40 – 33 12 – 524 300 – 590 33 – 52 – – Possible 
 Polyester-based
51
 -52 – -8 5 – 186 400 – 760 23 – 55 – – Possible 
 Polycarbonate-based
52
 -34 8 – 109 633 – 840 23 – 60 66 – 238 >90% Possible 
 Polycaprolactone-based
53
 -59 – -46 30 – 264 570 – 1198 38 – 55 170 – 251 – Possible 
 Polylactide-based
54
 33 – 53 603 – 1226 176 – 251 42 – 53 – >92% Possible 
Poly(urethane urea)
55





























Polyurethane (PU) comprises a diverse family of materials ranging from elastomers 
to flexible and rigid foams. They have only one aspect in common which is the 
presence of the urethane linkage (-NHCO-O-) in their polymeric backbones.
29,38,60
 
The term PU in this thesis only refers to the thermoplastic elastomeric PU. PUs are 
block copolymers composed of alternating rigid and flexible blocks called hard 
segment and soft segment respectively (Figure ‎1.1a). This gives rise to a 
thermodynamic incompatibility between the two segments resulting in a microphase 
separation. As a result, the final morphology of PU consists of hard segment domains 
and soft segment rich matrix.
29,38,60–62
 In general, there are three different types of 
dispersed hard segment morphologies in PU: 1) fibrillar hard segment domains in 
which the domain axes are parallel to the polymer chain axes, 2) the lamellar hard 
segment domains in which the domain axes are perpendicular to the polymer chain 
axes, and 3) isolated hard segments.
29,63
 Figure ‎1.1b schematically illustrates the 
microphase separation in PU and the different hard segment morphologies. 
In PU, the soft segment phase provides high extension, while high strength and 
elastic properties of the blend system are due to the presence of the hard segment 
domains.
29,38,60–62
 The type and concentration of hard and soft segments will strongly 
affect the final properties of the PU elastomer.
64












 have been produced (Table ‎1.1). 
PU elastomers are generally stiffer, stronger and tougher than other elastomers 
and have excellent elastic properties as well as high abrasion and chemical 
resistance.
29
  Due to blood and tissue compatibility, PUs have also found biomedical 
application in tissue engineering.
29,38
 A number of biodegradable PUs have also been 










Figure ‎1.1 Schematic illustration of a) PU structure (HS: hard segment, SS: soft 
segment) and b) microphase separation in PU (L: lamellar hard segment domain, F: 
fibrillar hard segment domain, I: isolated hard segment, and – – domain axis) 
 
1.3.2 Poly(styrene-b-isobutylene-b-styrene) 
Poly(styrene-b-isobutylene-b-styrene) (SIBS) is a block copolymer and a 
thermoplastic elastomer whose physical properties overlap those of silicone rubbers 
and PUs.
56,65
 SIBS is oxidatively, hydrolytically and enzymatically stable in the 
human body and thus provides a very high biostability making SIBS a good 
candidate for certain medical applications, such as implants.
56
 The structure and 
properties of SIBS are given in Table ‎1.1. 
1.4 Conducting materials 
In order to produce conductive elastomeric fibres, conducting materials are needed as 
the filler or the coating layer. Metals have unacceptably high electrical conductivity 
percolation thresholds when used as fillers and they tend to produce coarse and hard 
to wear textiles when coated on fibres or fabrics. In this thesis, the main focus was on 








materials. These organic conductors with their outstanding electroactivity and 
solution processability, e.g. solubility or dispersability in common solvents, are 
suitable candidates for the production of conductive elastomeric composite fibres. 
1.4.1 Conducting polymers 
Having long range conjugated double bonds across the backbone, which facilitates 
the mobility of charge carriers, conducting polymers (CPs) exhibit electrical 
conductivity when partially oxidised.
66–68
 CPs are typically synthesised by chemical 
oxidation or electrochemical polymerisation in the form of powder or film. In order 
to induce conductivity, the polymer is typically oxidised to form stable radical 
cations (polarons) within the conjugated backbone. The process referred to as 
doping, which involves the incorporation of anions (called dopants), stabilises the 
charge along the polymer backbone.
66–68
 Poly(acetylene) (PAc), polyaniline (PAni), 
polypyrrole (PPy), and polythiophenes (PTh) including poly(3-hexylthiophene) 
(P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT) are common CPs. Being 
lightweight, flexible, and electroactive, CPs have found numerous applications in 
various fields such as corrosion protections, sensors, actuators, batteries, light 




Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the many CPs developed so far 
that has attracted a lot of attention. Despite being insoluble, PEDOT exhibits very 
interesting properties, i.e. a very high conductivity and a very high stability in the 
oxidised state, making it a suitable candidate for a range of applications.
69
 Using 
poly(styrenesulfonate) (PSS), which is a water-soluble polyelectrolyte, as the charge-
balancing dopant during the polymerisation, a polyelectrolyte complex of 
PEDOT:PSS (Figure ‎1.2) can be obtained which is easily dispersible in water. 
Having a high electrical conductivity, good thermal and environmental stability, and 
excellent processability, PEDOT:PSS has found applications in electrochromic 
devices, capacitors, and batteries to name a few.
69,70
 Taking advantage of its solution 
processability, highly conducting (200 – 300 S cm
-1
) fibres have been recently 
produced from PEDOT:PSS using the wet-spinning approach.
71–73
 Conductivity of 
PEDOT:PSS films or fibres can be enhanced dramatically by using a secondary 




reduction in Coulomb interactions between the two polymer chains and thereby 
facilitated charge delocalisation along the PEDOT backbone as a result of 
conformational changes from random coils to expanded or linear structures.
73–76
 
Using vacuum vapour phase polymerization (VVPP), flexible PEDOT thin films 







Figure ‎1.2 Structure of PEDOT:PSS polyelectrolyte complex.
78
 Adapted with 
permission from (Nardes, A.M. et al. Org. Electron. 9, 727–734, 2008). Copyright 
(2008) Elsevier. 
 
1.4.2 Carbon materials 
Carbon can bond in different ways to create structures with entirely different 
properties. This lies in different hybridisation that carbon atoms can assume.
79
 When 
the four valence electrons in carbon are shared equally (sp
3
 hybridised), strong 
diamond is achieved. In comparison, when only three are shared covalently between 
neighbours in a plane and the fourth is delocalised among all atoms (sp
2
 hybridised), 
the resulting material is graphite which is soft due to the weak out-of-plane van der 
Waals bonding.
79
 Carbon black, carbon nanotubes, and graphene are some of the 
most popular allotropes of carbon which will be investigated in this study for the 




1.4.2.1 Carbon black 
Carbon black (CB) is a fluffy powder of extreme fineness and high surface area, 
composed essentially of elemental carbon. It is in the form of aggregates with 
complex configurations, quasi-graphitic structure, and colloidal dimensions.
80,81
 It is 
known that carbonaceous materials can be formed by restricting access of oxygen to 
the flames of burning oils. This is the basis of CB production processes. CBs are 
mainly produced by incomplete combustion of hydrocarbons or by thermal 
decomposition through homogeneous nucleation in the absence of oxygen.
80
 CBs are 
essentially pure and free of the inorganic contaminants and are different from soots 
which are impure by-products of combustion of coal and oils.
81
 There are five types 
of CB manufacturing methods: oil-furnace black, thermal decomposition, lampblack, 
impingement (channel), and acetylene decomposition.
82
 Different processes generate 
CBs with various physical and chemical properties for the desired applications.
82
 
CBs are generally characterised by their chemical compositions, micro-structure, 
morphologies, and the physical chemistry of the surface. CBs have degenerated 
graphitic crystalline structures with two-dimensional orders compared to graphite 
which has a three-dimensional order.
80,81
 CBs are composed of particles as their 
smallest individual building blocks. Clusters of these particles fuse together and form 
aggregates which are held together by van der Waals forces of attraction and form 
larger agglomerates. The structure of the agglomerates defines the morphology of 
CB, i.e. spheroidal, ellipsoidal, linear, or branched.
82
 
CBs are used for reinforcement of rubber, as black pigments, and as electrically 
conductive fillers in composite materials.
80,81





 when CBs are added to polymers, conductive composite materials can 
be produced at high loadings with a high conductivity onset known as percolation 
threshold. It is the formation of interconnected paths from carbon black aggregates 
that imparts electrical conductivity to the composite system. High surface area and 
high degrees of porosity are both desirable for achieving the electrical conductivity at 
low CB loadings. It is advantageous to attain percolation at low loadings so as to 







1.4.2.2 Carbon nanotubes 
Carbon nanotubes (CNT) are one-dimensional allotrope of carbon formed when a 
single layer hexagonal network of carbon atoms (sp
2
 hybridised) are rolled up into a 
hollow cylinder capped at both ends. This type of CNT is called single-walled carbon 
nanotube (SWCNT) and is schematically illustrated in Figure ‎1.3a. To form such a 
cylindrical structure from a planar fragment of hexagonal graphite lattice, certain 
topological defects in the form of pentagons have to be introduced to the structure. 
Depending on the direction about which the hexagonal carbon sheet is rolled, 
SWCNTs with different structures, i.e. zigzag (Figure ‎1.4a), armchair (Figure ‎1.4b), 
or chiral (Figure ‎1.4c), may be produced. All armchair SWCNTs are metallic, and 
the rest are semiconducting. When an array of such cylinders is formed 
concentrically, double-walled carbon nanotubes (DWCNT) and multi-walled carbon 




















CNTs are mainly produced by arc discharge, laser ablation, and chemical vapour 
deposition methods. However, none of these techniques result in pure CNTs. 
Impurities are in the form of carbon materials, i.e. amorphous carbon, or non-carbon 
materials such as metal or catalyst support. Therefore, it might be necessary to purify 
CNTs before use for some applications.
84,86
 CNTs have superb properties making 
them good candidates for a range of applications. Properties of CNTs can be tuned 
by altering the diameter and length of the tubes. SWCNTs have diameters in the 
range of 0.4 – 3 nm and length of up to centimetres. MWCNTs can have diameters 
from 2 to 100 nm and lengths of tens of microns.
88,89
 Owing to the large aspect ratios 
(from 10 to >10
6
) and excellent mechanical properties (Young’s modulus of ~1 TPa 
and tensile strength of as high as 63 GPa), CNTs are good candidates as reinforcing 
fillers for polymer composites
89,90
 including PU elastomeric composites.
91–93
 







 CNTs are thus used as conductive fillers to 
produce conductive polymer composites. The very high aspect ratio of the CNT 
bundles increases the probability of particle-particle contacts. As a result, continuous 
network can be formed at low CNT loadings, decreasing the percolation threshold.
91
 
Other applications of CNTs include but not limited to batteries, supercapacitors, field 




effect transistors, light-emitting diodes, field emission display devices, hydrogen 
storage, sensors, and actuators.
84,88
 
1.4.2.3 Graphene and graphene oxide 
Graphene is a flat monolayer of sp
2
-hybridised carbon atoms packed into a two-
dimensional (2-D) honeycomb lattice and is the basic building block of graphitic 
carbon materials (i.e. fullerenes, carbon nanotubes, and graphite).
94,95
 A scheme of 
graphene is depicted in Figure ‎1.5. It was long believed that isolated 2-D crystals 
were thermodynamically unstable and impossible to form.
94
 However, in 2004, Geim 
and Novoselov
96
 succeeded in isolating a single-layer carbon (graphene) by the aid 
of micromechanical cleavage, a discovery that led to the Nobel Prize. Graphene can 
now be produced by a variety of approaches such as liquid-phase exfoliation of 
graphite,
97
 chemical vapour deposition,
98
 and reduction of graphene oxide.
99
 
Pristine graphene offers limited dispersability hindering its processability.
100
 
Direct production methods of graphene also result in a low yield which is an 
impediment for all technological applications of graphene.
101
 Alternatively, graphene 
oxide (GO) has emerged offering a cost-effective and large-scale route for 
production of graphene-based materials.
101–105
 During the GO synthesis, graphite 
powders are exfoliated into layers of sp
2
 carbon networks which are modified by 
oxygen-containing functional groups such as epoxy, hydroxyl, carbonyl, and 
carboxyl.
101–105
 As a result, these oxidised layers can be dispersed in water
106–108
 and 
some polar organic solvents.
109–112
 GO has relatively low electrical properties. 
However, one of the most attractive features of GO is that it can be (partially) 
reduced to graphene-like structures by removing the oxygen-containing groups and 
produce conductive sheets as a result of recovery of the original conjugated structure 
of hexagonal carbon lattice.
101,113,114











Figure ‎1.5 Structure of a graphene sheet.
118
 Adapted with permission from (Neto, 
A.C. et al. Phys. World 19, 33–37, 2006). Copyright (2006) IOP Publishing. 
 
Graphene exhibits outstanding properties which are unprecedented in any other 
materials. This 2-D honeycomb carbon lattice is a zero gap semiconductor. The sp
2
-
hybridised carbon atoms in graphene are arranged in hexagonal fashion comprising 
of three strong in-plane sigma bonds and Pz orbitals perpendicular to the planes.
94
 







) imparting extraordinary electronic properties to graphene.
119
 Electrical 
conductivity of as high as 2000 S cm
-1
 was reported for a single layer graphene.
120
 In 





and superb mechanical properties (Young’s modulus of ~1 TPa and tensile strength 
of ~130 GPa).
94
 These unique properties have allowed graphene to be used in 
numerous applications including flexible display devices, energy storage (batteries, 
and supercapacitors), field-effect transistors, photovoltaic devices, and different 
types of sensors.
94,104
 Graphene has also been used as a conducting filler in 
production of conductive composite materials and as reinforcement to enhance 
mechanical properties of polymers.
121
 Graphene-filled composite materials exhibit 
extremely low percolation thresholds for electrical conductivity which originates 
from the very high aspect ratio of the graphene sheets and their homogeneous 
dispersion in the polymer matrix.
121
 Similarly, production of conductive graphene-







1.5 Fabrication techniques for conductive stretchable textiles  
Electrically conducting components can be incorporated within textiles by a variety 
of approaches, such as coating or blending, and at different production stages ranging 
from fibre spinning, and yarn/fabric fabrication, to the final finishing stage.
1
 These 
approaches will ultimately lead to fibre-, yarn-, or fabric-based strain sensors. 
1.5.1 Conducting fibres/yarns/fabrics 
Neat fibres, yarns, or fabrics of conducting materials can exhibit strain sensing 
behaviours.
15,17,22
 One example of strain sensor in this category is carbon fibre. Since 
their discovery in late 50s,
125
 carbon fibres have been produced from carbonisation of 
precursors such as polyacrylonitrile (PAN) and pitch and are extensively used in high 
performance applications such as sports goods, automotive industry, aircrafts, space 
structures, and medical applications owing to their outstanding mechanical 
properties.
126
 Being electrically conducting (300 – 500 S cm
-1
), carbon fibres have 
also been used as strain sensors.
15
 Utilizing excellent piezoresistive property of 
individual carbon nanotubes (CNT),
127–129
 a CNT yarn strain sensor
17
 was also 
fabricated by spinning of CNT ribbons pulled out of a CVD-grown CNT arrays. 
Graphene-based woven fabric prepared by chemical vapour deposition (CVD) 
method also exhibited strain sensing properties.
22
 In order to fabricate the graphene 
fabric, graphene was first grown on a copper mesh by CVD method. Copper was 
then removed by FeCl3/HCl aqueous solution and the structure collapsed to form 
double layered graphene micron-size ribbons. Figure ‎1.6 schematically shows the 
technique employed to fabricate the graphene-based woven fabric. The integrity and 
configuration of the textile structure was maintained after the etching process. 
Electron diffraction pattern and Raman characterisations revealed that the graphene 
was present in the form of few layers. Monolayer graphene grown on the copper 
mesh was observed to be too fragile to form a monolithic structure upon copper 
etching. To fabricate a strain sensor, graphene woven fabric was deposited on a 







Figure ‎1.6 Schematic of fabrication procedure for the graphene-based woven 
fabric.
22
 Adapted with permission from (Li, X. et al. Sci. Rep. 2, 395, 2012). 
 
1.5.2 Coated textiles 
One facile approach for fabrication of strain sensor textiles is coating fibres, yarns, or 
fabrics with conducting materials.
130
 This can be carried out via different strategies. 
1.5.2.1 In situ chemical polymerisation 
This method is suitable to coat fabrics with conducting polymers such as PPy and 
PEDOT:PSS. A common practice is to first soak the fabric in a solution of monomer. 
A dopant might also be present in the solution. A separate solution containing an 
oxidant is then added and polymerisation begins. Alternatively, the fabric can be 
placed in a solution containing the monomer, the oxidant, and the dopant 
altogether.
10,131
 The conducting polymer produced covers the surface of the fabric. 
The in situ chemical polymerisation method results in a thin coating layer of the 
conducting polymer on the fabric.
10
 
The in situ chemical polymerisation method has been used to coat PPy on lycra 
fabric to produce a textile-based strain sensor.
10
 The polymerisation condition was 
optimised and the best strain sensing behaviour was achieved using an aqueous 
solution containing 0.015 M pyrrole monomer, 0.04 M FeCl3 oxidant and 0.005 M 
1,5-naphthalenedisulfonic acid tetrahydrate dopant at room temperature for 2 h. 
1.5.2.2 Vapour-phase polymerisation 
Another approach for coating a conducting polymer on a textile substrate is vapour-
phase polymerisation (VPP) method which could also be employed to fabricate 
conducting stretchable textiles for strain sensing purposes. This method involves 
soaking textile substrate in a solution of oxidant and dopant followed by the exposure 




reaches the oxidant, polymerisation begins resulting in a thin coating layer of the 
conducting polymer on the textile substrate.
11,13
 
PPy-coated Tactel/Lycra fabric was fabricated by VPP method.
11
 The fabric was 
first immersed in an aqueous solution of sodium dodecylbenzene sulfonate (SDBS, 
~0.01 mol L
-1
) as the dopant and then in an ethanol solution of FeCl3 (0.1 mol L
-1
) as 
the oxidant. Subsequently, the fabric was exposed to the vapour of pyrrole in a 
desiccator at -26 °C for 50 h and a coating layer of polypyrrole was formed as a 
result of VPP of pyrrole on the surface of the fabric. Similar VPP method was used 
to coat PPy on Lycra fibres.
13
 The thickness of PPy coating layer was ~300 nm. 
1.5.2.3 Dipping 
One simple method of fabricating strain sensor textiles is dipping (soaking) fibres, 
yarns, or fabrics in a solution or dispersion of a conducting material. This approach 
can result in a thin conducting coating layer on the textile. In some cases, the 
conducting material also penetrates inside the fibrous structure.
6
 The electrical 
conductivity of the coated textiles obtained by dipping depends on various factors 
such as the weaving pattern, porosity, and hydrophilicity of the material.
6
 
By soaking a Spandex fabric in a PEDOT:PSS aqueous dispersion, electrically 
conductive stretchable fabric was fabricated (Figure ‎1.7).
6
 12 wt. % d-sorbitol was 
also added to the solution as the secondary dopant. Conductivity of ~0.06 S cm
-1
 was 
achieved after 5 min of soaking (the optimal condition) which was ~14 % higher 
than the original PEDOT:PSS coated Spandex fabric. Multiple soaking and drying 
increased the conductivity of the fabric and maximum conductivity of ~1.7 S cm
-1
 
was obtained after 10 dipping cycles. More dipping cycles did not enhance the 
conductivity of the coated fabric further and the PEDOT:PSS coating layer was 
observed to flake from the Spandex substrate. Higher concentration of PEDOT:PSS 
in the dispersion resulted in an increase in conductivity after a single soaking (to 
~0.18 S cm
-1
). The rise of conductivity by multiple dipping or using more 
concentrated dispersions was attributed to the formation of more conduction paths or 
networks as a result of absorption of more conductive materials. The electrical 
conductivity of the PEDOT:PSS coated Spandex fabric deteriorated during storage 
(70 % loss of conductivity after 5 days in air). The PEDOT:PSS coated Spandex 







Figure ‎1.7 PEDOT:PSS-impregnated Spandex fabric strain sensor.
6
 Adapted with 
permission from (Ding, Y. et al. ACS Appl. Mater. Interfaces 2, 1588–1593, 2010). 
Copyright (2010) American Chemical Society. 
 
1.5.2.4 Spray coating 
Spray coating is another method by which the surface of a stretchable textile can be 
covered by a layer of a conducting material for the fabrication of strain sensors. The 
method is simple and efficient and the thickness of the conducting layer can be 
controlled by the amount of coating.
132
 
Spray coating was used to deposit layers of CNT polymer composite 
formulations on PET woven fabrics and to achieve strain sensor textiles.
132
 CNT was 
first dispersed in solutions of polycarbonate (PC), poly(methyl methacrylate) 
(PMMA), and polystyrene (PS) by the aid of sonication. Spraying formulations were 
then applied on the fabric through layer-by-layer (LBL) spray coating with the 
controlled nozzle scanning speed (~10 cm s
-1
), stream pressure (~0.2 MPa), and 
target to nozzle distance (8 cm). During the spraying, the solvent was evaporated and 
droplets welded to form a 3-D percolated network. The PC/CNT formulation resulted 
in the best combined sensitivity and stability of the electrical signals which could be 
further tuned by adjusting the CNT content and number of spraying layers. 







Printing of conducting polymer lines on fabric was also reported for the fabrication 
of strain sensing textiles.
5
 The PEDOT:PSS aqueous dispersion (placed in an empty 
cartridge) was printed onto a nylon 66 fabric using a conventional printer. An 
electrical conductivity of ~25 S cm
-1
 was measured for the PEDOT:PSS coating 
layer. 
1.5.2.6 Roller coating 
Roller coating is another coating technique which has been employed to fabricate 
strain sensor textiles.
24
 This technique has been used to coat PU/MWCNT 
conductive composites (MWCNT 0.5 – 5.0 wt. %) on Spandex yarns to fabricate 
strain sensor yarns.
24
 To that end, MWCNT was first dispersed in N,N-
dimethylacetamide (DMAc) by the aid of probe sonication at a desired concentration 
to which PU was added and dissolved. A Spandex yarn was then passed through a 
bath of PU/MWCNT dispersion by a roller and was dried at high temperature (150 – 
200 °C) before collection (Figure ‎1.8). Since only one side of the yarn was in 
contact with the dispersion in the bath, only one half of the yarn could be coated. An 
electrical conductivity of ~0.001 S cm
-1
 was measured for a coating layer containing 
~2 wt. % MWCNT. 
 
 
Figure ‎1.8 Schematic illustration of PU/MWCNT yarn roller coating setup.
24
 
Adapted with permission from (Zhang, R. et al. Sensors Actuators A Phys. 179, 83–






1.5.2.7 Conducting polymer composite coating 
Usage of conducting polymer composite (CPC) coatings instead of neat conducting 
coatings has also been reported for fabrication of strain sensor textiles.
7,24,132
 A CPC-
based strain sensor was fabricated by solution processing of SEBS/CB in 
chloroform.
7
 The solution was deposited onto a nylon fabric by the aid of a mask and 
electrical connections were established by two stainless steel yarns. After drying, the 
sensor was covered by a layer of latex film resulting in a final dimension of 10 mm × 
110 mm × 46 μm. Figure ‎1.9 shows the SEBS/CB strain sensor after coating onto a 
nylon fabric. The maximum electrical conductivity of ~0.05 S cm
-1
 was obtained for 
the SEBS/CB coating layer at CB concentration of ~28 vol. %. 
 
 
Figure ‎1.9 Nylon fabric integrated with a SEBS/CB strain sensor.
7
 Adapted with 
permission from (Cochrane, C. et al. Sensors 7, 473–492, 2007). 
 
1.5.3 Conducting elastomeric composite fibres 
One attractive approach to fabricate strain sensor textiles is the integration of a 
conducting filler within an elastomeric host and to produce a conducting elastomeric 
composite fibre.
14,18,23
 This approach has been employed to fabricate poly(styrene-b-
isobutylene-b-styrene) (SIBS) / poly(3-hexylthiophene) (P3HT) composite fibres 
(Figure ‎1.10).
14
 Utilising the solubility of SIBS and P3HT in toluene, spinning 




methanol coagulation via the wet-spinning approach. Different strategies were 
employed to oxidise and dope P3HT prior fibre fabrication in order to realise the 





) from tetrabutylammonium tetrafluoroborate (TBABF4) and 
from tetrafluoroboric acid (HBF4) were the dopants. A maximum electrical 
conductivity of ~0.38 S cm
-1
 was achieved in the SIBS/P3HT fibre with the P3HT 
loading of ~14 wt. % when doped using HBF4. 
 
 
Figure ‎1.10 Conducting elastomeric composite SIBS/P3HT fibre strain sensor.
14
 
Adapted with permission from (Granero, A.J. et al. Adv. Funct. Mater. 21, 955–962, 
2011). Copyright (2011) John Wiley and Sons. 
 
SIBS/SWCNT fibres were also produced by a similar approach.
23
 To that end, 
octadecyl amine functionalised SWCNTs were first dispersed in 1,2-dichlorobenzene 
at concentrations of 4 – 18 mg mL
-1
 by the aid of probe sonication and SIBS (100 mg 
mL
-1
) was then dissolved in the dispersions. Wet-spinning using a coagulation bath 
of methanol resulted in formation of SIBS/SWCNT fibres. An electrical conductivity 
of ~0.08 S cm
-1
 was obtained at ~4 wt. % loading of SWCNT. The same 
SIBS/SWCNT fibre showed a Young’s modulus of ~6 MPa, tensile strength of ~7 
MPa, and elongation at break of ~830 %. 
PU/MWCNT fibres were produced by melt-spinning method.
18
 Pellets of PU and 
MWCNT (2 or 3 wt. %) nanocomposites were first prepared by a twin-screw 
compounder and supplied to a single-screw extruder. PU/MWCNT fibre fabrication 




ranging from 200 to 240 °C. The scanning electron microscopy (SEM) observations 
revealed that the MWCNTs were well-dispersed in the PU host. However, some 
densely packed micron-size clusters were present. PU/MWCNT fibres extruded at 
higher temperatures exhibited higher electrical conductivities. This effect was more 
pronounced at lower MWCNT loadings. An electrical conductivity of ~0.03 S cm
-1
 
was achieved for the PU/MWCNT fibre with the loading of 3 wt. % extruded at 240 
°C. The PU/MWCNT fibres exhibited strain sensing behaviour. 
Using poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS) as the 
thermoplastic elastomer and carbon black (CB) as the conducting filler, SEBS/CB 
strain sensitive composite fibres were fabricated.
16
 The production of SEBS/CB 
composite fibres involved melting SEBS in a torque rheometer and subsequent 
addition of CB (30 – 50 wt. %) with roller blade homogenisation. Composite fibres 
were then produced by the extrusion through a die (nozzle 300 μm) using a capillary 
rheometer with the controlled temperature, pressure, and extrusion speed (180 °C, 
0.5 MPa, and 3.5 mm min
-1
 respectively). 
1.5.4 Other strain sensor textiles 
Apart from the above strategies, an alternative approach to impart strain sensing 
capability to textiles is by developing innovative materials/structures which could be 
embedded into clothing. One very good example of a strain sensor textile in this 
category is the wearable device fabricated from the thin films of aligned single-
walled carbon nanotubes (SWCNT) attached to the PDMS stretchable substrates.
25
 
The CVD-grown SWCNT thin films were laid side by side on a PDMS substrate 
perpendicular to the strain direction and were flattened and fixated onto the substrate 
by droplets of isopropyl alcohol. The fabrication steps of this strain sensor are shown 







Figure ‎1.11 Fabrication steps of SWCNT film strain sensor.
25
 Adapted with 
permission from (Yamada, T. et al. Nat. Nanotechnol. 6, 296–301, 2011). Copyright 
(2011) Nature Publishing Group. 
 
Spring-like SWCNT yarns were produced by over-twisting of a thin film of the 
CVD-grown randomly oriented SWCNTs (Figure ‎1.12).
19
 The SWCNT yarns could 
be stretched up to an elongation at break of ~285 %. When tested in cyclic stretching 
at 20 % strain, some plastic deformations were observed. The spring-like SWCNT 
yarn exhibited an electrical conductivity of ~440 S cm
-1
 at the unstretched state. 
 
 
Figure ‎1.12 Spring-like SWCNT yarn: a) fabrication and b) SEM micrograph.
19
 
Adapted with permission from (Shang, Y. et al. Adv. Mater. 24, 2896–900, 2012). 






Employing a similar approach but with controlled nucleation position by 
applying droplets of a PVA aqueous solution to both ends of the twisted yarn and 
subsequent over-twisting, a SWCNT yarn composed of a helical segment and two 
straight ends were produced (Figure ‎1.13).
20
 The partial-helical SWCNT yarns 
obtained by this method showed an improved elasticity compared to the all-helical 
counterparts as a result of more uniform loops and less defects. Cyclic stretching at a 
strain amplitude of 25 % revealed a consistent loading and unloading behaviour 
without plastic deformations (full elastic recovery) over 1000 cycles. 
 
 
Figure ‎1.13 Partial-helical SWCNT yarn.
20
 Adapted with permission from (Shang, 
Y. et al. Nanoscale 5, 2403–2410, 2013). Copyright (2013) Royal Society of 
Chemistry. 
 
Double-helix SWCNT yarn strain sensors were also fabricated by first twisting a 
SWCNT film into a yarn, over-twisting into a single-helical yarn, and then applying 
a force in the middle section to trigger the rotation and mutual entanglement of the 
two yarn segments from the both sides.
21
 The SEM image of a typical double-helix 







Figure ‎1.14 Double-helix SWCNT yarn.
21
 Adapted with permission from (Shang, Y. 
et al. ACS Nano 7, 1446–1453, 2013). Copyright (2013) American Chemical 
Society. 
 
Table ‎1.2 lists all the different types of strain sensor textiles described above and 
the fabrication methods used to produce the textile sensors as well as their properties 




Table ‎1.2 Different types of strain sensor textiles, their fabrication methods, properties, and applications 











Fibre - Carbon fibre Conductive fibre 300 – 500 Resistance Up to 1 % ~2 at 1 % Small N/A
15
 
Yarn - CNT Conductive yarn 
N/A (Resistance 
~266 MΩ) 





Fabric PDMS Graphene Conductive fabric N/A Resistance Up to 5 % 
~1250 at 2 % 






Fabric Lycra Polypyrrole 






Resistance Up to 60 % 
~-3.5 at 20 % 
~-0.7 at 60 % 
Large 
Intelligent knee sleeves 








Coating – vapour 
phase polymerisation 
N/A Resistance Up to 50 % ~80 at 50 % Large N/A
11
 
Fibre Lycra Polypyrrole 
Coating – vapour 
phase polymerisation 
N/A Resistance Up to 50 % ~60 at 50 % Large N/A
13
 
Fabric Spandex PEDOT:PSS Coating – dipping 
~1.7 (10 dipping 
cycles) 
Conductivity Up to 80 % N/A Large 




Fabric PET PC/CNT 





Resistance Up to 2 % ~2.5 at 0.45 – 0.6 % Small N/A
132
 
Fabric Nylon 66 PEDOT:PSS Coating – printing ~25 Resistance Up to 5 % ~-5 at 5 % Small 
Joint motion detection 
in knee and wrist
5
 
Yarn Spandex PU/MWCNT 
Coating – roller 
coating 







Table ‎1.2 Continued 











Fabric Nylon SEBS/CB Coating – CPC ~0.05 Resistance Up to 45 % ~80 at 15 – 45 % Large N/A
7
 
Fibre SIBS P3HT Composite 
~0.38 (~14 wt. 
%) 
Resistance 
12.25 % after 
800-900 % 
~-1.6 at 12.25 % Large N/A
14
 
Fibre SIBS SWCNT Composite ~0.08 Conductivity Up to 30 % N/A Large N/A
23
 
Fibre PU MWCNT Composite ~0.03 Resistance Up to 10 % N/A Large N/A
18
 
Fibre SEBS CB 




Resistance 20 – 80 % ~20 at 80 % Large 




Film PDMS SWCNT 
Side by side laying of 
CNT thin films 
N/A (Resistance 
~50 kΩ) 
Resistance Up to 280 % 
~0.8 at 0 – 40 % 






Yarn - SWCNT Full-helical CNT yarn ~440 Resistance Up to 20 % ~0.08 at 20 % Large N/A
19
 





Resistance Up to 25 % 
~0.14 at 5 % 
















1.6 Method of strain sensing measurement 
Strain sensing properties of textile strain sensors are typically investigated by 
electromechanical tests. These tests are performed in conjunction with tensile or 
cyclic stretching tests and usually involve in situ measurements of resistance (or 
other electrical properties of the textile) during the test. In a cyclic experiment, 
sample is stretched to a certain strain magnitude and then released to return to its 
original condition. The resistance response after unloading (at released state) might 
be different to the initial response (at the unstretched state). This difference 
determines the reversibility of the resistance signal. The loading-unloading cycle can 
then be repeated many times to investigate the reproducibility of the resistance 
response. Sample preparation usually involves establishing the electrical 
connections. Figure ‎1.15 shows the schematic of a typical electromechanical setup 
used for measuring the strain sensing properties of textile sensors. 
 
 
Figure ‎1.15 Electromechanical setup for strain sensing measurements 
 
Sensitivity of the strain sensor is determined by gauge factor (GF) which is 
measured by the magnitude of the resistance change over the applied strain and is 
calculated by equation  1.1.
14
 
    
     
 





In this equation, R0 is the resistance of the sensor at initial (unstretched) state, ΔR 
is the difference between the resistance at the stretched state and the resistance at the 
released state, and ε is the strain magnitude. 
1.7 Strain sensing properties 
When measuring strain sensing properties of conducting textiles, the electrical 
property (resistance, resistivity, or conductivity) can increase or decrease by the 
application of strain or may even exhibit a mixed response (increase first and then 
decrease or vice versa). Similar behaviours can be noted upon unloading. Some 
deviations from the ideal strain sensing behaviour are often observed which can be 
manifested in different forms. A non-linear resistance response by stretching is one 
form of deviation from the ideal behaviour. Hysteresis in resistance response, defined 
as different paths of resistance (resistivity or conductivity) in loading and unloading 
during cyclic deformations, is another source of deviation from ideality. In addition, 
resistance (resistivity or conductivity) of the sensor might not return to the original 
(unstretched) value after unloading (non-reversibility) and the response of the sensor 
might vary at different stretching cycles (non-reproducibility). The non-reversibility 
and non-reproducibility also cause deviations from the ideal strain sensing behaviour. 
1.7.1 Positive strain gauge behaviour 
In most cases, it was observed that the resistance of the strain sensor increased by 
stretching and decreased after unloading. This behaviour can be expressed by a 
positive gauge factor. The single carbon fibre strain sensor
15
 exhibited an increase 
with stretching up to 1 % strain with a slight deviation from a linear relationship. A 
gauge factor of ~2 was measured for a 1 % strain deformation. In a cyclic stretching, 
the resistance of the carbon fibre was found to be totally reversible (returned to 
original value after unloading) when 0.2 % strain was applied. However, some 
irreversible response in resistance was observed at higher applied strains which 
increased in amount with the strain magnitude. CNT yarn strain sensors
17
 fabricated 
from spinning of CVD-grown CNT arrays (elongation at break of ~3.5 %) also 
showed a constant increase in resistance when stretched to 1 %. The resistance was 
observed to have a linear relationship with the applied strain (at ≤1 % strain). The 




hysteresis. This ideal strain sensing behaviour was represented by a gauge factor of 
~0.5. 
In another example, a hybrid film made of graphene fabric
22
 deposited on a 
PDMS substrate was stretched within a relatively low strain range (≤5 %) with a 
reversible resistance response. The resistance increased 25 times at 2 % strain and 
230 times at 5 % strain equivalent to very high gauge factors of 1250 and 4600 
respectively. However, a non-linear resistance response was observed. Stretching 
beyond 5 % resulted in a further increase in resistance, albeit with an irreversible 
response. 
The resistance of a PPy-coated fabric
11
 prepared by VPP method increased 
sharply with the applied strain of up to 50 %. A gauge factor of ~80 was measured 
which was significantly higher than the gauge factor of ~6 for the PPy-coated fabric 
prepared by the in situ chemical polymerisation method. The PPy-coated fabric 
prepared by the VPP approach also showed a very good reproducibility over 10 
cycles. The PPy-coated Lycra fibres
13
 exhibited a non-linear increase in resistance 
when stretched to a strain of ~50 % (calculated gauge factor ~60). 
A positive strain gauge behaviour was observed for a PC/CNT spray-coated PET 
fabric
132
 which exhibited an irreversible strain sensing at an applied strain of 1 % and 
higher. A higher resistance for the coated fabric was noted after unloading compared 
to the initial (unstretched) resistance. The resistance response recovered 70 – 80 % in 
the cyclic stretching at 1 – 2 % strains. However, within the elastic region (<0.6 %) 
of the textile and the PC/CNT coating layer, the strain sensing was both reversible 
and reproducible for more than 400 cycles after a few first cycles. Gauge factors of 
up to ~2.5 and ~100 were observed for the reversible and irreversible regions 
respectively. The resistance of a SEBS/CB-coated nylon fabric
7
 also increased 
rapidly by strain up to the breakage of the fabric (45 %). Non-linear and linear 
relationships between resistance response and strain were observed below and above 
15 % strain respectively (maximum gauge factor ~80). 
SWCNT deposited onto a PDMS elastomeric substrate
25
 exhibited a monotonic 
increase in resistance with stretching for strains of up to 280 % at which breakage of 
the PDMS substrate occurred. Gauge factors of 0.82 and 0.06 were calculated for 0 – 
40 % and 60 – 200 % strain ranges respectively. The resistance behaviour during the 




existence of a hysteresis in the resistance response. For the 200 % stretching, 
resistance recovered 60 – 70 % of the original (unstretched) value. The SWCNT-
based strain sensor device exhibited a high reproducibility with resistance response 
remaining relatively unchanged for over 10,000 cycles at 150 % strain (and ~3,300 
cycles at 200 % strain). The response time of the sensor device was also very fast 
with a delay time of ~14 ms. 




 SWCNT yarn strain sensors 
exhibited an increase with strain over a wide range (up to 20 – 25 %) with high 
reversibility and high reproducibility over 1000 stretching cycles. The rate of 
resistance change, however, was not constant in the partial-helical SWCNT yarn and 
more rapid increases or decreases were observed at low strains (≤5 %) resulting in 
gauge factors of ~0.14 and ~0.03 for strain ranges of 0 – 5 % and 5 – 25 % 
respectively. In the case of the double-helical SWCNT yarn,
21
 a sudden jump in the 
resistance was observed when the first yarn ruptured (at 50 – 100 %) after which the 
resistance increased further until failure (150 – 200 %). In a cyclic stretching at the 
stress level of 6.5 MPa (equivalent to a strain of ~15 %), the resistance changed in 
line with the stress showing a very high reversibility and reproducibility, although 
some hysteresis was observed.  
1.7.2 Negative strain gauge behaviour 
The decrease in resistance of the strain sensor by stretching (increase by unloading) 
has also been observed (negative gauge factor). When stretched to less than 60 % 
strains, the resistance of a PPy-coated lycra fabric
10
 decreased by the application of 
strain (gauge factors of ~-3.5 and ~-0.7 at 20 % and 60 % strains respectively). The 
electrical conductivity of PEDOT:PSS-soaked Spandex fabric
6
 also increased 
(resistance decreased) with stretching at 80 %. In this instance, a lower conductivity 
than the original (unstretched) value was observed after removal of the strain with 
some hysteresis in the conductivity response. ~13 % and ~65 % losses of 
conductivity resulted after stretching and relaxing at 20 % and 100 % respectively. It 
was proposed that soaking the fabric at the stretched state might eliminate the 
conductivity loss after stretching cycle. However, no improvement was observed in 
the reversibility of the conductivity after relaxation from the strain compared to the 




1.7.3 Combined strain gauge behaviour 
Strain sensing behaviour of a sensor may also vary according to the conditions, i.e. at 
different applied strain or content of conducting component. Carbon fibre strain 
sensors
15
 utilised as continuous filaments in an epoxy resin matrix showed a decrease 
in resistance when stretched at less than 0.5 % strain (gauge factor ~-17). This 
behaviour was reversed after 0.5 % strain when the resistance increased by 
stretching. The resistance of a PU/MWCNT roller-coated Spandex yarn
24
 showed an 
increase with stretching at 10 % strain with partial recovery after unloading. 
Surprisingly, lower MWCNT concentration in the coating resulted in a higher 
sensitivity of the resistance response. The PU/MWCNT-coated yarn (MWCNT ~2 
wt. %) exhibited a gauge factor of ~4.3 at 10 % strain. In a cyclic stretching at 10 %, 
the resistance of the yarn first decreased and then increased by stretching after the 
first cycle. This was followed by a decrease and then an increase in the resistance 
during unloading. When stretched at higher strain amplitudes, the opposite 
relationship (negative strain gauge behaviour) became more dominant whereby at 30 
% strain, the resistance of the coated yarn decreased by loading and increased by 
unloading. Further, a very good reproducibility was observed in resistance response 
after the first cycle over a continued cyclic stretching.
24
 
Electrical conductivity of the wet-spun SIBS/SWCNT fibre
23
 increased 
(resistance decreased) by stretching from 10 to 23 % strain, reached a maximum and 
then decreased by further stretching to 30 % strain. During unloading (from 30 to 10 
% strain), the conductivity of the fibre increased first and then decreased. For the 
wet-spun SIBS/P3HT fibre,
14
 the resistance was observed to increase up to a 
threshold strain after which it decreased by stretching. In a cyclic deformation with 
the strain amplitude of 12.25 % after pre-stretching to 800 – 900 %, the resistance of 
the fibre decreased with loading and increased with unloading (gauge factor ~-1.6). 
In another study, PEDOT:PSS-printed fabric
5
 exhibited an increase in the 
resistance that was followed by a decrease in the resistance upon stretching (to 5 % 
strain with a gauge factor of ~-5). The sensor exhibited a partially reversible 
resistance change during a cyclic stretching at 5 % strain. After a few cycles with 





The resistance of a melt-spun PU/MWCNT fibres
18
 increased exponentially with 
strain in the range of 5 – 50 %. However, the resistance response was not monotonic 
in cyclic stretching at 10 % and did not always increase with increasing strain (the 
resistance sometimes decreased with stretching). Partial reversibility of the resistance 
response was also observed. Sensitivity (gauge factor) of the PU/MWCNT fibre 
sensor was higher when melt-extrusion was carried out at a lower temperature.  
The electromechanical response of the SEBS/CB composite fibre
16
 has been 
investigated at different CB loadings. At 30 wt. % CB, an initial resistance rise 
(strain <10 %), was followed by a decrease in resistance (strain 10 – 30 %). The 
resistance of the composite fibre then increased again up to strains of >100 %. By 
contrast, the SEBS/CB composite fibre with CB content of 50 wt. % exhibited a 
steady increase in resistance and was more suitable for large strain sensing. After 
stretching, the fibre did not return to its original length and exhibited some plastic 
deformation resulting in a poor reversibility of the resistance response. Attachment 
of SEBS/CB fibre onto a textile using a silicone adhesive improved its reversibility 
during a cyclic stretching at 80 % strain (gauge factor of ~20). No strain sensitivity 
was observed for strains lower than 20 %. Hysteresis was also present but was very 
low and resistance response was not fully reproducible. Pre-stretching was found to 
increase the reproducibility of the integrated fibre sensor’s response over its working 
range (up to the strain it was pre-stretched). An increase in strain rate resulted in a 
small rise in the magnitude of the resistance response. 
1.8 Mechanical properties 
Besides strain sensitivity, practical textile strain sensors are required to have good 
mechanical properties in order to withstand the stresses and strains applied during the 
application. Most applications demand high stretchability (>50 %).
25
 Therefore, 
stretchability is key to functional strain sensor textiles. Furthermore, textile strain 
sensors have to present high elastic recoveries, i.e. return to the original length when 
released from the strain. 
Neat fibres or yarns of conducting materials have typically high stiffness 
(Young’s modulus) and tensile strength. However, they often possess low 
stretchability and elastic recovery. For instance, carbon fibre strain sensor exhibited a 
very high Young’s modulus of ~220 GPa, a high tensile strength of ~3.1 GPa, and an 
elongation at break of as low as 1.4 %.
15








The mechanical properties of textiles are not often influenced significantly by 
coating a layer of conducting materials. This is the result of minimal interference of 
the coating with the microstructure of the polymeric textiles.
10
 However, when 
incorporated inside the stretchable textile, as fillers during fibre the fabrication, 
conducting materials often result in a significant change of the mechanical 
properties. Generally, the addition of a filler to an elastomeric host results in an 
enhancement of its stiffness. However, elongation at break and/or tensile strength are 
often compromised as a result of filler integration within an elastomer.
93,122,133,134
 An 
example of these effects is the SIBS/P3HT fibre.
14
 An increase in the Young’s 
modulus from ~14 to ~21 MPa was accompanied by a decreases in the tensile 
strength from ~18 to ~11 MPa and a decrease in the elongation at break from ~1078 
to ~975 % by the addition of ~14 wt. % P3HT in SIBS during the fibre fabrication. 
Similarly, by loading ~4 wt. % SWCNT in SIBS, the Young’s modulus of the fibre 
increased from ~4 to ~6 MPa, whereas the tensile strength of the fibre showed a 
decrease from ~15 to ~7 MPa with the elongation at break of the fibre also 
decreasing from ~1071 to ~828 %.
23
 When the SEBS/CB composite fibre strain 
sensor was stretched, permanent deformations were observed and the fibre did not 
return to its original length showing poor elastic recovery.
16
 
Enhancement of the Young’s modulus of elastomers by the addition of fillers is 
known to occur as a result of the hydrodynamic effect,
135,136
 which stems from the 
higher stiffness of the filler, and also the result of chemical, physical, and mechanical 
interactions between the filler and the elastomer.
135
 These interactions, which are 
often weak, fail at relatively low strains and may not contribute to the strengthening 
of the elastomer.
135
 The detrimental effect of the filler addition to the elastomer 
manifests itself at high strains where the strain-induced crystallisation takes place. 
Rupture in elastomers typically occurs through strain hardening.
33,34
 The higher the 
strain-induced crystallisation, the harder will become the elastomer, requiring a more 
energy to break. The addition of a filler to an elastomer, however, hinders the strain-
induced crystallisation at high elongations resulting in a lower tensile strength.
92,93,122
 
Further, the filler also impedes the extensibility of the elastomeric chains 






There are strategies to circumvent the negative impact of the filler addition on the 
tensile strength and the elongation at break of the elastomeric materials. One 
effective method is ensuring high-quality and uniform dispersion of the filler within 
the elastomeric host.
137,138
 High exfoliation of the filler is critical to achieve this goal. 
Conductive fillers (e.g. carbon black and CNTs) typically form clusters, bundles, or 
aggregates. These forms of fillers, when integrated within the elastomeric host will 
often lead to low high-strain mechanical properties (tensile strength and elongation at 
break). Therefore, to achieve an elastomeric composite with improved high-strain 
mechanical performance, it is critical to employ highly exfoliated fillers.
137,138
 High 
aspect ratio of the filler can result in a low percolation threshold.
139–142
 Hence, in 
order to realise strain sensing, a lower content of the filler needs to be added to the 
elastomer. The low filler loading, in turn, results in retaining the high stretchability 
and tensile strength of the original elastomer. 
Another strategy to prevent the negative effect of the filler addition to an 
elastomer is the targeted insertion of the filler.
133,143
 This strategy can be used for 
segmented PUs that are composed of soft segments and hard segments 
(Figure ‎1.16a). Soft segments are typically responsible for the high elongation of the 
PUs, whereas hard segments impart stiffness and strength to the PUs.
29,144–146
 Strain-
induced crystallisation, which is known to occur in PU soft segments, is severely 
affected by the addition of filler in soft segment phase (Figure ‎1.16b).
92,93,122
 In 
contrast, the integrity of the soft segment phase can be maintained to a great extent 
by the targeting the filler interactions with the PU hard segment domains 
(Figure ‎1.16c). This may require fillers with high aspect ratios and functional groups 
to allow the interactions with the PU hard segment. As a result, PU chains in soft 
segment phase can extend more freely and can orient at high strains and crystallise 
without significant impediments.
133,143
 These will in turn result in a higher elongation 







 nanocomposites were produced which presented a 
comparable (or even improved) tensile strength and an elongation at break to those of 








Figure ‎1.16 a) microstructure of PU showing soft segment phase and hard segment 
domains, b) typical filler inclusion in PU, and c) targeted hard segment inclusion of 
filler in PU.  PU hard segment domain  PU soft segment phase  filler. 
 
1.9 Advantages and disadvantages of different fabrication techniques 
Each fabrication strategy to produce strain sensor textiles has advantages and 
disadvantages and offers different strain sensing properties suitable for particular 
applications. Neat fibre or yarn assemblies based on the organic conductors usually 
possess limited stretchabilities (typically less than 5 %) and elasticities.
15,17,73,148–153
 
Therefore, devices built from these fibres or yarns offer low range of strain sensing, 
often up to ~1 % strain depending on their elastic deformation regions.
15,17
 
By coating textiles with conducting materials, it is possible to achieve 
mechanical properties rivalling those of the original textiles.
10
 The fact that the 
coating does not significantly influence the mechanical properties of the stretchable 
textile substrates allows for the facile production of highly flexible and highly 
conducting stretchable textiles.
6
 However, the conducting coating layer, often has a 
significantly lower stretchability than the textile substrate. Although it might be 
possible for the coated layer to undergo low deformations without significant 
mechanical damage,
10
 large deformations often result in appearance of cracks and 
dramatic changes in the integrity of the coating resulting in a significant drop of 
conductivity, low reversibility, and low reproducibility of the resistance signal.
6,10,13
 
Further, since the surface of the textile is coated with a layer of a relatively rigid 
conductive material, the feel of the fabric, comfort, and wearability may be 




negatively affected. A low environmental stability is also often achieved due to the 
surface of conducting layer being exposed to the atmosphere.
6,7,10,11
 
Fibre is the preferred form of strain sensor as it can be easily converted into a 
fabric or integrated within the conventional textiles by weaving, knitting or other 
traditional techniques.
24
 This will allow the fabrication of fabrics with all sorts of 
patterns from the conventional and the sensory fibres. Due to the incorporation of the 
conducting component within the fibre structure, the properties of the original fibres 
such as feel, comfort, and wearability are maintained.
1,154
 Further, the conducting 
stretchable composite fibres will have higher structural integrity compared to the 
coated textiles and the formation of surface cracks which occurs in the coated textiles 
as a result of mechanical mismatch between the conducting coating layer and the 
textile substrate,
6,10,13
 will be prevented. The conducting stretchable composite fibre 
based strain sensors may also present a higher environmental stability as a result of 
conducting component being encapsulated within the polymeric host. Due to the high 




The fabrication of conducting elastomeric composite fibres is, however, 
challenging. Preparation of the spinnable formulation from a composite of the 
elastomeric host and a filler is the major obstacle in developing these strain sensor 
fibres. This will require a high quality, low particle size, and aggregate-free 
dispersion of the filler at high enough concentrations, and a uniform and 
homogeneous distribution of filler particles inside the elastomeric host. Further, 
satisfying these conditions does not guarantee the fabrication of fibres that are 
electrically conducting for use in the strain sensing applications. This is because in 
composites, a layer of polymer covers the conductive filler particles. This thin 
coating layer impedes the contact of the filler particles resulting in the low electrical 
properties and the high percolation thresholds.
155,156
 On the other hand, some levels 
of interaction between the filler particles and the elastomer will be required to 
maintain the mechanical properties of the composite assembly. In spite of a 
significant reinforcement in stiffness, integration of fillers within an elastomeric host 
may compromise the elastomer’s tensile strength and elongation at break.
93,122,133,134
 




that is highly conducting and possesses good mechanical properties so that it can be 
used for strain sensing applications. 
1.10 Strain sensing mechanisms 
In order to understand the mechanism of strain sensing in textile strain sensors, the 
form of textile (fibre, yarn, or fabric), method of integration (coating or blending), 
and the nature of the stretchable material and the conducting component must be 
considered. The resistance response of a strain sensor textile during the cyclic 
stretching is determined by three factors: 1) variation of electrical properties of the 
individual conducting units by strain, 2) changes in the interactions of the conducting 
units, and 3) geometrical transformation of the sensor assembly.
7,17
 The first factor 
causes an increase in the resistance of the sensor by stretching. Application of strain 
can incur some damage to the conducting component or loss of contact between them 
increasing the resistance (second factor). Stretching of the sensor brings about 
contractions in the perpendicular directions decreasing the cross-section. Thus, as a 
result of the geometrical change (third factor), the electrical resistance will increase. 
The contraction in the perpendicular direction by stretching can also give rise to an 
improved contact between conducting units promoting the conducting 
paths/networks formation resulting in a decrease in the electrical resistance.
7,17
 The 
global resistance of the sensor depends on the simultaneous occurrence of the three 
phenomena and is determined by the combination of these effects. 
For the CNTs, the increase in the band gap energy with stretching, which results 
in a higher resistance of the individual CNTs, was found to be responsible for the 
increase in the resistance of the CNT yarns. Since CNTs in yarns are tightly packed, 
there are many contact points at which charge hopping between individual CNTs can 
occur. The slight increase in CNT contact points by stretching (caused by contraction 
of yarn’s cross-section) did not provide much improvement on the electrical 
conduction to result in an appreciable decrease in the resistance of the yarn.
17
 The 
variation in the resistance of the PC/CNT spray-coated PET fabric by strain was 
attributed to the tunnelling effect. Since the resistance of the CNT is small compared 
to that of the PC matrix, the resistance across particles is neglected and the tunnelling 
of current takes place where the inter CNT gap is smaller than the cut-off distance. 




percolated network. As a result of the higher tunnelling gap, a number of conductive 
paths are disconnected and the global resistance of the sensor increases.
132
 
In situ SEM observation of the PPy-coated Lycra fabric showed formation of 
micro-cracks (perpendicular to the stretch direction) in the PPy coating layer under 
the deformation (Figure ‎1.17) resulting from the lower deformability and elasticity 
of the PPy layer. Detailed analysis by image processing revealed that the increased 
number, width, and length of the micro-cracks by stretching leading to the loss of 





Figure ‎1.17 SEM micrograph of PPy-coated Lycra fibres at 20 % strain.
13
 Adapted 
with permission from (Wang, J.P. et al. Mater. Sci. Eng. A 528, 2863–2869, 2011). 
Copyright (2011) Elsevier. 
 
A decrease in the resistance of the PPy-coated lycra fabric by stretching was 
observed and was attributed to the improved alignment of the PPy chains in the 
coated fabric. The resistance stopped increasing after the maximum degree of PPy 
chains alignment was achieved.
10
 The decrease in resistance of the wet-spun 
SIBS/P3HT fibre at high strain regions was attributed to the strain-induced 
contacting of the P3HT chains which was believed to enhance the formation of the 
conducting paths as well as the crystallization of poly(isobutylene) in SIBS.
14
 In 
carbon fibre/epoxy composites, reduction of the residual compressive stress, which 
was applied during the fabrication, resulted in an initial decrease in the resistance 
response of the sensor.
15
 
The combined effects of the alignment of the PEDOT:PSS chains by stretching 
and the damage in the PEDOT:PSS coating network were believed to be responsible 




fabric observed at the strained and relaxed states respectively.
6
 The emergence of 
cracks in the surface of the coating layer in the PEDOT:PSS-printed fabric as a result 
of the stretching was found to be responsible for the initial rise of the resistance. On 
the other hand, stretching gave rise to better contacts of the PEDOT:PSS chains 
penetrated inside the fabric thereby enhancing the conductivity. This could be 
explained by considering each fibre in the yarn as being coated with the conducting 
layer. As stretching results in a compression of the yarn, the fibre contacts are 
promoted which is translated to an increase in the conductivity.
5
 The combination of 
increasing and decreasing response of the resistance was also observed in the 
PU/MWCNT roller-coated Spandex yarn and was explained in terms of combined 
effects of conductive network deformation and reformation during cyclic 
stretching.
24
 The different electrical response of the SIBS/SWCNT composite fibre 
was attributed to the change in the diameter of the fibre and break-down of SWCNT 
aggregates within the fibre.
23
 
The high reversibility in the resistance response of the carbon fibres was believed 
to be due to the change in dimensions of the fibre during the stretching rather than 
the variation in resistivity emanating from the microstructural deformation. On the 
other hand, the irreversible resistance response was attributed to the cyclic decrease 
in the elastic modulus as a result of the damages in the microstructure of the fibre.
15
 
The high reproducibility of the resistance response in the CNT yarns during the 
cyclic stretching within the elastic region was attributed to the large contact area 
along the length of the CNTs, the large van der Waals forces between CNTs, and the 
radial inward force on the yarn by strain.
17
 The irreversible increase in the resistance 
of the SWCNT film on a PDMS substrate during the stretching was attributed to the 
formation of cracks throughout the CNT film creating gaps and islands which 
increased in number by strain. In subsequent cycles, however, no additional cracks 
were formed and the different arrangements of the gaps, islands, and the suspended 
bundles in between accounted for the resistance change of the CNT sensor device. 
This could explain the high reproducibility of the sensor’s response.
25
 
The non-linear resistance response of graphene fabric was attributed to the crack 
formation in the graphene ribbons upon stretching.
22
 For the SEBS/CB-coated nylon 




(microstructural deformation) were found to be responsible for the linear and non-
linear strain sensing behaviours respectively.
7
 
The relatively high sensitivity in the resistance response observed in the PPy-
coated fabric produced by the VPP approach was attributed to the very thin PPy 
coating layer obtained by this method.
11
 The thick coating of PPy deposited on the 
fabric by the solution polymerisation resulted in a sensor with a low strain sensitivity 
(gauge factor). When the coated fabric is stretched, the geometry and the 
microstructure of the thick layer of PPy may not change significantly leading to a 
small variation of electrical properties and ultimately low strain sensitivity.
11
 
1.11 Stability of strain sensor textiles 
Environmental conditions such as temperature, humidity, and time can greatly affect 
the strain sensing properties of the textile sensors. Therefore, in addition to the strain 
sensing capability, the environmental stability is crucial for the real-life applications 
of the strain sensor textiles. This depends on the intrinsic stability of the conductor 
used in the fabrication of the sensor and also the method of integration. 
Unfortunately, conducting polymers are known to have a relatively low 
environmental stability
66,68
 which limits their long-time and real-life use as the 
sensory component. Different synthesis routes can also yield conductors with various 
environmental stabilities.
11,157
 Furthermore, susceptibility of the coated textile to 
environmental conditions can vary from that of the composite. There are strategies to 
enhance the environmental stability of the sensor. For instance, it might be possible 
to encapsulate the sensor and improve its durability.
14,16
 
Due to the degradation of PPy, the surface resistance of the coated Lycra fabric 
increased over time (10-fold after 54 days in air).
10
 Low temperature polymerisation, 
use of large dopant (SDBS), and post-fabrication annealing (at 60 °C for 40 h) were 
found to improve the environmental stability of the PPy-coated fabric.
11
 In this case, 
~80 % loss of conductivity (~50 % loss of gauge factor) was observed when the 
fabric was stored in room temperature for 90 days. The thickness of the PPy coating 
layer influenced its stability in air.
11
 
The combined effects of the humidity and the temperature on the resistance of the 
SEBS/CB-coated nylon fabric were investigated.
7
 It was observed that at the relative 
humidity of >60 %, the resistance increased with increasing the temperature to 20 – 




significant change in the resistance was detected when the temperature rose. 
Increasing the relative humidity resulted in a general increase in the resistance of the 
SEBS/CB coating. This increase in the resistance was attributed to the greater water 
content of CB at a higher relative humidity. In contrast, the resistance of the PPy-
coated fabric was found to decrease by increasing the temperature or humidity.
11
 
In some cases, good stability was reported. For instance, several machine-wash 
cycles did not significantly influence the electrical response of the SEBS/CB 
composite fibre sensor.
16
 CNT yarns exhibited a high stability at a broad temperature 




1.12 Applications of strain sensor textiles 
Imparting strain sensing properties to textiles opens up new horizons for a range of 
applications. These applications include but not limited to human motion detection, 
monitoring personal health, therapeutics, structural health monitoring, recreation, 
virtual reality, and robotics.
25
 The change in electrical properties by strain or stress 
can be used to assess physiological movements. Clothing-integrated devices enable 
biomechanical analysis which offers continuous monitoring of body kinematics and 
vital signs.
1
 Garments with piezoresistive sensors can be used to provide real-time 
feedback on limbs movement and orientation.
1
 This could be used to measure the 
number of steps in jogging and the running speed and give online feedback to the 
patient if the movement of the injured joint exceeds the appropriate range.
16
 A whole 
body posture measurement may even be possible enabling monitoring during 
exercise in fitness training.
16
 These innovative sensing techniques can be used for 
injury prevention, rehabilitation, sports techniques modification, and medical 
treatment.
10
 Maintaining the tactile and flexible properties of the textile, wearable 
sensing fabrics offer reproducible and sharable use of sensor and enables an 




Another application of strain sensor textiles is in structural health monitoring 
which is very important in smart architectures. The sensor can be attached to or 
embedded into the structure and provide intelligent response on the health of the 
structure.
15
 This enables the early detection of the small internal cracks which is 






These applications require strain sensing in different ranges. For instance, it is 
known that the skin on the feet, waist and joints stretches and contracts about 55% 
during walking.
25
 Therefore, strain sensors with a wide range are required for 
applications in human motion detection. On the other hand, the structural health 
monitoring application demands responsive sensors over a small range (typically <2 
%). Certain types of sensors might be preferable for some applications. Fibres or 
yarns can be easily embedded within a structure and therefore are preferred for the 
structural health monitoring. 
Stretchable human motion detectors were fabricated by connecting several 
SWCNT film strain sensor devices and assembling them on stockings, bandages, and 
gloves (Figure ‎1.18). By attaching the sensor device to the chest, respiration was 
monitored by the increase and decrease in the relative resistance as a result of 
expansion and contraction of the chest during inhalation and exhalation. The 
attachment of the sensor on the throat enabled speech monitoring. Various knee 
movements such as bending, marching, squatting and jumping were detected by 
assembling the sensors on a stocking. A data glove was also fabricated from the 
sensors which could recognise the motion of each finger individually. Data glove 





Figure ‎1.18 Wearable SWCNT-based strain sensor devices: a) on a bandage for b) 
breath monitoring and c) speech monitoring, d) on a stocking for e) knee movement 
detection, and f) on a glove for g) fingers motions recognition.
25
 Adapted with 
permission from (Yamada, T. et al. Nat. Nanotechnol. 6, 296–301, 2011). Copyright 




An intelligent knee sleeve (Figure ‎1.19) was built from the PPy-coated Lycra 
fabric. This wearable strain sensor device could provide feedback to the player by 





Figure ‎1.19 The intelligent knee sleeve.
10
 Adapted with permission from (Wu, J. et 
al. Synth. Met. 155, 698–701, 2005). Copyright (2005) Elsevier. 
 
Integrating the SEBS/CB fibre sensors to the back of a tight-fitting clothing 
(Figure ‎1.20), a number of upper body postures were identified with a recognition 
rate of 65 – 97 %.
16
 The graphene fabric based strain sensor was fixed on an index 
finger and used to detect the finger bending by the resistance increase.
22
 The 









Figure ‎1.20 SEBS/CB fibre sensors integrated in a clothing for identifying upper 
body postures.
16
 Adapted with permission from (Mattmann, C. et al. Sensors 8, 
3719–3732, 2008). 
 
The CNT yarns strain sensors were embedded into an epoxy resin and used for 
the structural health monitoring. The load transfer to the CNT yarns enabled the 
detection of the micro-cracks formation and propagation in the epoxy composite 
through the sharp increases in the total resistance of the CNT yarn strain sensors.
17
 
Apart from the common applications, other uses of the strain sensor textiles have 
also been reported in the literature. The PEDOT:PSS-coated Spandex fabric was 
used as a substrate to coat an electrochromic material resulting in an electrochromic 
fabric which could switch between different colour states even upon stretching.
6
 
1.13 Thesis outline 
This thesis aims to provide new strategies to fabricate conducting elastomeric fibres 
that are capable of sensing large strains. This will be achieved through the 
incorporation of a range of organic conducting fillers within the PU or SIBS 
elastomeric hosts via solution processing and fashioning into composite fibres. The 
focus is paid on the preparation of the high-quality, aggregate-free, and well-
dispersed spinning formulations and on the optimisation of the spinning conditions to 




to maximise the strain sensing performance. The organisation of this thesis is as 
follows: 
Chapter 2 presents the materials used throughout this thesis and explains the 
experimental procedure for the spinning solution preparation, methods of fibre 
fabrication, and characterisation techniques. 
Chapter 3 is dedicated to thoroughly investigate the effects of spinning 
parameters, i.e. solvent/non-solvent system, flow rate of injection, and solution 
concentration, on the properties of neat PU fibres with the aim of achieving a 
detailed knowledge of the wet-spinning process of the elastomeric fibres and finding 
the optimum condition for the PU fibre fabrication. These conditions will provide the 
basis for the wet-spinning of the PU composite fibres. 
The production of highly conducting and elastomeric PU/PEDOT:PSS fibres is 
described in Chapter 4. First, the wet-spinning is optimised according to the 
solvent/non-solvent system and then the effect of PEDOT:PSS content on the 
electrical and mechanical properties of PU/PEDOT:PSS fibres are studied in detail. 
An optimal PU/PEDOT:PSS fibre is achieved and its wide range of strain sensing is 
demonstrated. 
Chapter 5 describes the fabrication of highly stiff, stretchable, and tough PU/ultra 
large graphene oxide (ULGO) elastomeric fibres that are electrically conducting at an 
extremely low ULGO content (after thermal reduction).The nematic liquid crystal 
(LC) formation of ULGO within the PU host in solution is demonstrated in this 
chapter. The effect of ULGO loading on the mechanical properties of PU/ULGO 
fibres is then presented. The annealing condition is optimised to attain the best 
electrical conductivity in PU/rULGO fibres. Finally, the strain sensing behaviour of 
an optimal PU/rULGO fibre is illustrated. 
Chapter 6 demonstrates that the wet-spinning technique developed in previous 
chapters could be used to fabricate conducting elastomeric composite fibres with a 
variety of conducting fillers and elastomeric hosts. A melt-spinning strategy is also 
presented which shows merits as a facile fabrication route to production of 
conducting elastomeric composite fibres. 
A summary of the results is provided in the final chapter (chapter 7). The 
properties of all fibres produced herein are compared and some perspectives are 




The thesis ends with Appendices which contain the data of mechanical and 
electrical properties for all of the fibres produced in this study and MATLAB codes 
used for calculating the mechanical properties of the fibres without which the 
analysis of such large amount of data would almost be impossible. 
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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Agfa 
Orgacon
TM
 Dry, Batch No. A06 0000BY) pellets, carbon black (CB, VULCAN
®
 
XC72R, Lot No. GP-3919), single walled carbon nanotube (SWCNT, HiPco
®
, 
Continental Carbon, Lot No. P1001), polycarbonate-based biocompatible 
thermoplastic polyurethane (PU, AdvanSource Biomaterials Chronoflex
®
 C 80A), 
and medical-grade poly(styrene-b-isobutylene-b-styrene) (SIBS, MW 80,000–
130,000 g mol
-1
, Boston Scientific, Batch No. 5000587522) were used as received. 
N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), tetrahydrofuran 
(THF), ethanol (EtOH), and isopropanol (IPA) purchased and from Ajax Finechem 
and cyclohexyl pyrrolidone (CHP), ethylene glycol (EG), and polyethylene glycol 
(PEG, MW 200) from Sigma-Aldrich were used without further purifications. 
Millipore (Sartorius Stedim Biotech) water was used throughout the whole project. 
Ultra-large graphene oxide (ULGO) at a concentration of 3.7 mg mL
-1
 and 
chemically converted graphene (CCG) at a concentration of 0.5 mg mL
-1
 in the form 
of DMF dispersions and solvent exfoliated graphene (SEG) at a concentration of 3.3 
mg mL
-1
 in CHP were supplied internally.  
2.2 Sample preparation methods 
2.2.1 PEDOT:PSS dispersions preparation 
PEDOT:PSS dispersions in water or in DMSO were prepared by homogenization 
(Labtek IKA T25) of PEDOT:PSS pellets in the solvent at 15000 rpm for 30 min. 
PEDOT:PSS was dispersed in DMF or in THF by homogenization in the solvent and 
48 h bath sonication (Branson B5500R-DTH). 
2.2.1.1 SWCNT dispersion preparation 
SWCNT (HiPco
®
, Continental Carbon, Lot No. P1001) was dispersed in CHP at a 
concentration of 0.5 mg mL
-1




2.2.2 PEDOT:PSS drop-cast films 
Drop-cast films were prepared from PEDOT:PSS dispersions (15 mg mL
-1
) in 
different solvents (water, DMF, DMSO, and THF) onto plasma-cleaned (Harrick 
Plasmaflo PDC-FMG) glass slides. 300 µL of each dispersion was transferred on the 
surface of the glass slide and dried (water: at room temperature for 24 h, DMSO: at 
100 ºC on a hot plate for 5 min, DMF: at 75 ºC on a hot plate for 5 min and THF: at 
room temperature for 30 min). PEDOT:PSS films were also post-treated with EG or 
PEG (MW 200) by spin-coating (Laurell WS-400B-6NPP/LITE) the solvent over the 
films for 10 s at 1000 rpm, followed by heat treatment in an oven (Binder E28) at 
150 ºC for 4 h. 
2.2.3 ULGO sheet size reduction 
Two sonication methods were employed to break down ULGO sheets: a) bath 
sonication (Branson B1500R-MT), b) probe sonication (Branson Digital Sonifier S-
450D equipped with a 1/2" Disruptor Horn and a 1/8" Microtip) at 30 % amplitude 
(harsh sonication). 
2.2.4 Spinning formulations preparation 
PU spinning solutions were prepared by dissolving PU in the desired solvent (DMF, 
DMSO, THF, or CHP) over 24 h by constant stirring. 
PU/PEDOT:PSS spinning dispersions were obtained by mixing the PEDOT:PSS 
dispersion in the desired solvent (DMF, DMSO, or THF) with a PU solution in the 
same solvent at either a 1:1 or 2:1 v/v ratio (PEDOT:PSS/PU) to produce the desired 
formulation. The resulting composition was then stirred for 1 h to achieve a 
homogeneous dispersion. PEG (MW 200, 10 vol. %) was also added to some 
PU/PEDOT:PSS spinning formulations. 
In order to prepare PU/ULGO, PU/CCG, PU/SEG, PU/SWCNT and PU/CB fibre 
spinning formulations, ULGO, CCG, SEG, SWCNT, or CB dispersions were 
obtained with the desired concentration. PU was then added and mixed with the 
dispersion and the mixture stirred for 1 day to produce a homogeneous spinning 
formulation. 





2.2.5 Fibre wet-spinning 
Fibres were produced from different spinning formulations using two main wet-
spinning configurations shown in Figure ‎2.1. In the horizontal configuration (H), the 
spinning formulation was injected into a horizontal coagulation bath (approximately 
90 cm long) consisting of a non-solvent composition while the vertical configuration 
(V) was composed of an approximately 50 cm long tubing over the horizontal bath to 
which the spinning formulation was injected. A 23 gauge needle with blunt tip was 
used as a spinneret. Spinning formulation was transferred to a syringe and injection 
was controlled by a syringe pump and solid fibre was obtained as a result of 
solvent/non-solvent interaction upon injection to the coagulation bath was 





Figure ‎2.1 Wet-spinning configurations: a) horizontal coagulation bath (H) and b) 
























2.2.6 Fibres annealing 
Annealing of PU/ULGO fibres were carried out at the stretched state (on the winder) 
in an oven (Binder E28) in air and under the atmospheric pressure.  
2.2.7 Calculation of volume fractions 
Volume fraction ( ) of conducting filler was calculated from the filler weight 
percent (W) using  2.1.  
 
   
   
      (     )
 ( 2.1) 
 
In this equation,    and    are the densities of polymer and filler respectively. 
2.3 Characterisation methods 
2.3.1 Dispersions characterisations 
2.3.1.1 Particle size of PEDOT:PSS dispersions 
Particle size distributions in PEDOT:PSS dispersions were measured by dynamic 
light scattering technique by a Zetasizer (Malvern Instruments Nano-ZS) using a 
standard quartz cuvette. A minimum of 10 measurements were made for each 
sample. 
2.3.1.2 Viscosity of spinning formulations 
The viscosity of PU and PU/PEDOT:PSS spinning formulations was measured by a 
rheometer (TA Instruments AR-G2) at 25 ºC using a flow test from 0.01 to 400 s
-1
 by 
a cone-plate geometry (cone angle 2º, diameter 40 mm, and truncation 55 µm). 
2.3.1.3 Rheology of PU/ULGO spinning formulations 
Rheology of ULGO and PU/ULGO spinning formulations was measured using the 
same rheometer with the same cone-plate geometry. All rheological tests were 
performed at 25 ºC. To prevent solvent evaporation and change in composition of the 
sample, a protective chamber was placed around the geometry. Ascending–








. Dispersions were held at each shear rate for 2 min to obtain equilibrium and 
measurements were made logarithmically at 10 points per decade of shear rates. 
2.3.1.4 ULGO sheet size measurements 
ULGO sheets were observed under a scanning electron microscope (SEM, JEOL 
JSM-7500FA) after being deposited on a silanised silicon wafer. Silicon substrates 
were immersed into a solution of 3-aminopropyltriethoxysilane (Sigma–Aldrich) in 
water (1:9 v/v) with an added drop of hydrochloric acid (Sigma–Aldrich) for about 
30 min and then rinsed with water. ULGO sheets were deposited onto silanised 
silicon wafers by dipping into diluted ULGO dispersions (50 µg ml
-1
) for about 5 
seconds and then air-drying the substrates. Lateral ULGO sheet sizes, i.e. diameter of 
equivalent circles, were then determined from minimum of 250 measurements on 
SEM micrographs using ImageJ
1
 image analysis software. 
2.3.1.5 Birefringence 
Liquid crystalline behaviour of ULGO and PU/ULGO dispersions in DMF was 
investigated using a bright field transmission-mode polarising optical microscope 
(POM, Leica DM EP) with 10X objective under crossed-polarisers. Drops of 
dispersions with different concentrations were transferred on a glass slide and 
confined with a cover slip with sealed edges to avoid solvent evaporation and 
examined under crossed-polarisers for their birefringence. 
2.3.2 Films and fibres characterisations 
2.3.2.1 Electrical conductivity of PEDOT:PSS drop-cast films 
Thickness and resistivity of PEDOT:PSS films were measured by an optical profiler 
(Veeco Wyko NT9100) and four-point probe resistivity measurement system (Jandel 
RM2) with a linear probe head, which were then used to calculate conductivity of the 
films from a minimum of 10 points. 
2.3.2.2 Scanning electron microscopy of fibre cross-sections 
Fibre cross-sections were observed using a field emission SEM (JEOL JSM-
7500FA). To achieve smooth cross-sections, fibres were broken while immersed in 
liquid nitrogen (~30 s) and then sputter coated (EDWARDS Auto 306) with gold or 




2.3.2.3 Fibre diameter measurement 
An optical microscope (Leica DM EP) was used for measuring fibres diameters. 
Measurements were carried out using the built-in image analysis tool in Leica 
Application Suite. Minimum of 10 measurements were made along of the length of 
the fibre. 
2.3.2.4 Raman spectroscopy 
Raman spectroscopy was performed on as-spun ULGO and PU/ULGO fibres as well 
as rULGO and PU/rULGO fibres after annealed at 170 °C for 12 h and 180 °C for 1 
h using a Raman instrument (Jobin Yvon Horiba HR800) with a 632 nm laser line 
and a 300-line grating (resolution of ±1.25 cm
-1
) under 100X objective. ID/IG ratio 
was calculated after baseline correction. 
2.3.2.5 Electrical conductivity 
Fibre electrical conductivity was measured under laboratory humidity and 
temperature conditions using an in-house linear four-point probe cell with 230 μm 
probe spacing. A galvanostat (Princeton Applied Research 363) was used to apply 
current (I) between the outer probes and a digital multimeter (Agilent 34401A) was 
used to measure the voltage (V) between the two inner probes. Resistance was 
measured form the I-V curve and converted to the electrical conductivity ( ) using 
equation  2.2.  
 
   
  
    
 ( 2.2) 
 
In this equation,   is the inner probe spacing (0.23 cm),   resistance in   
measured from the slope of I-V curve, and   the average fibre diameter in cm. 
Conductivity was measured for 10 samples cut from different parts of the fibres. 
2.3.2.6 Mechanical properties 
Mechanical properties of the fibres were measured using a tensile testing instrument 
(Shimadzu EZ-L) with a 2 N load cell using three tests, namely tensile, elastic 
recovery, and cyclic. Samples were prepared by attaching the fibres to paper frames 




provide good adherence and to prevent slippage the during mechanical testing. 
Samples were then mounted on the sample holders (1 N clamps) and paper was cut, 
once the frame was secured. In tensile tests, fibres were stretched until failure with 
strain rate (crosshead speed) of 10 mm min
-1
 (100 % min
-1
). 
In elastic recovery tests, fibres were first stretched to 50 % (strain rate of 10 mm 
min
-1
) and were then relaxed with the same strain rate to get back to their initial 
lengths (zero stress). Fibres were further stretched to 100, 200, 300, and 400 % and 
were released each time. These tests were performed to measure the elastic recovery 
of the fibres. As a result of permanent set (unrecoverable strain due to plastic 
deformation), fibres do not reach to their original lengths after the removal of strain 
and consequently there is always a difference between initial and recovered strain. 
This difference was used to calculate the elastic recovery of the fibres at each applied 
strain. 
Cyclic tests were also performed in which fibres were cyclically stretched and 
released to their initial length (zero stress) for 10 cycles at each applied strain with 30 
s relaxation time between each step stretching and relaxing steps. 
2.3.2.7 MATLAB algorithms 
It would be very time-consuming to analyse the mechanical properties results 
manually as the number of samples tested was large. Therefore, two custom-coded 
programs were developed to analyse the mechanical properties data and to calculate 
Young’s modulus, yield stress, tensile strength, elongation at break, and toughness 
from tensile tests data and elastic recoveries at different applied strains from elastic 
recovery tests data. Figure ‎2.2 and Figure ‎2.3 show flowcharts of the algorithms 
used to develop the codes for tensile and elastic recovery tests respectively. 
The tensile program begins by reading the names of the files in a folder. Starting 
from the first name, corresponding data are then imported. In the next step, stress and 
strain are calculated from force and stroke. After that, tensile strength and elongation 
at break are determined based on the maximum of stress and strain respectively. A 
notable feature of the tensile code is the use of graphical user interface (GUI) in 
selection of the linear regions of stress vs. strain curves for calculation of Young’s 
moduli (Figure ‎2.4). The program waits for the user’s response on the linear region 
of stress vs. strain curve and then resumes with the calculation of Young’s modulus, 




strain curve. The above steps are repeated until all tensile data in the folder are 
analysed. Complete MATLAB code for calculating tensile properties is enclosed in 
Appendices B1. 
In the elastic recovery program, after reading the names of the files in a folder, 
importing the first data set, and calculation of stress and strain, maximum and 
minimum strains at each cycle (50, 100, 200, 300, and 400) are found. Elastic 
recovery is then calculated at each applied strain using  2.3. 
 
 Elastic Recovery   
Applied Strain – Min of Strain 
Applied Strain
 100 ( 2.3) 
 
The above steps are repeated for all elastic recovery data in the folder. Complete 
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Figure ‎2.4 Graphical user interface (GUI) for determination of Young’s modulus, a) 
an original stress vs. strain graph for strain region of 0 – 20 % and b) stress vs. strain 







2.3.2.8 Electromechanical properties 
Strain sensing behaviour of the fibres was investigated using electromechanical tests 
in which resistance was monitored during application of strain using a digital 
multimeter (Agilent 34410A). This test was carried out in conjunction with the 
mechanical tests (tensile and cyclic) and the resistance data were captured every 0.05 
s using an analogue to digital (A/D) computer interface. The sample preparation was 
similar to the mechanical properties tests with only difference being the application 
of copper tape at both ends to allow resistance measurements. 
2.3.2.9 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed on TA Instruments Q500 in an 
inert atmosphere of nitrogen using a platinum pan. To measure the mass loss of 
fibres with temperature, fibres were heated up to 800 ºC with the rate of 5 °C min
-1
 
and mass loss was recorded. In order to measure the mass loss of fibres with time, 
fibres were held at a constant temperature for up to 12 h and the mass loss was 
recorded. 
2.3.2.10 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) was performed on a TA Instruments Q100 
using standard aluminium pans sealed in air. Fibres were first cooled down to -80 °C 




Biocompatibility of the fibres were tested by a cytotoxicity assay using 
immunostaining method in which human primary skeletal muscle cells were seeded 
on the fibres and cells attachment and growth were analysed. 
2.4 References 















Soon after the first elastic fibres were produced from vulcanised rubber, attempts 
were made to develop elastomeric fibrous assemblies with even superior mechanical 
and elastic properties as well as better chemical resistance.
1
 This led to the discovery 
of a new class of materials called polyurethanes (PUs) in 1937.
2
 A major advantage 
of PUs over rubber is that they are easily spun into fibres making them suitable for 
textile applications.
3
 PU fibres can be produced by conventional fibre production 




 Despite the difficulty of PU 
fibre formation by melt-spinning in the early days,
1
 PU fibres can now be readily 
produced by this approach.
7
 Reaction spinning has also been used to attain PU 
fibres.
8,9
 In this method a prepolymer of PU is extruded into a bath containing chain 
extender where the reaction takes place leaving behind a solid fibre that can be 
collected. Lately, dry-jet-wet-spinning, in which a short air gap of usually about 2 – 3 
cm is used before injection to the coagulation bath, has been employed to produce 
PU fibres.
10,11
 Among these methods, dry-spinning remains to be the most popular 
approach for production of PU fibres.
12
 Contrasting this, wet-spinning also offers a 
feasible route towards fibre production and has been used in a variety of situations 




Recently there has been a surge of interest in biocompatible PU fibres for 
biomedical applications.
14,15
 These biocompatible elastomeric fibres offer a wide 
range of applications in drug delivery, tissue engineering, cell stimulation, and can be 
used as implants.
14–16
 Polycarbonate-based biocompatible PUs are good candidates 
for a range of biomedical applications as they offer excellent toughness, flexibility, 
durability, high chemical- and bio-stability as well as biocompatibility.
17
 
PUs are also excellent candidates for elastomeric hosts, and a number of PU-













within the PU hosts with the main aim of enhancing the mechanical properties of 
PUs or imparting conductivity to otherwise insulating PUs. 
The mechanical and morphological properties of wet-spun fibres are greatly 
influenced by the spinning conditions such as choice of solvent, concentration of 
polymer, non-solvent composition in the coagulation bath, temperature of the bath, 
and flow rate of injection.
13,27,28
 However, these conditions were not thoroughly 
investigated for wet-spinning of PU fibres. Detailed analysis of the effects of PU 
fibre spinning conditions is required to obtain the desired PU fibres for the 
application in mind. The aim of this chapter is to investigate the effect of various 
wet-spinning parameters on fabrication of PU fibres. This enables identification of 
the conditions under which wet-spinning of PU fibres is amenable. The results of this 
chapter provide a foundation for the PU-based conductive composite fibres 
production in later chapters. The optimised PU wet-spinning conditions established 
in this chapter will be employed in the next chapters to produce conducting PU 
composite fibres.  
The focus of this chapter is to produce and characterise PU fibres at different 
conditions and achieve optimised wet-spinning conditions for PU fibres. For this 
purpose, a biocompatible polycarbonate-based PU was employed from which fibres 
were produced at a range of solvent/non-solvent systems, concentrations, and flow 
rates to determine the effects of wet-spinning conditions upon the morphology and 
mechanical properties of PU fibres. 
3.2 Experimental 
3.2.1 PU spinning solution preparation and characterisation 
PU (AdvanSource Biomaterials Chronoflex® C 80A) was investigated for its 
solubility in a variety of organic solvents by attempting to dissolve 50 mg mL
-1
 in 5 
mL of each solvent over 24 h of constant stirring. Ethanol (EtOH), methanol 
(MetOH), isopropanol (IPA), acetone, chloroform, toluene, N,N-dimethylformamide 
(DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), and 1-cyclohexyl-2-
pyrrolidone (CHP) were purchased and used without further purification (refer to 
Chapter 2 for details of the materials used in this study). 
Spinning solutions were prepared in each solvent with PU concentrations ranging 
from 10 – 250 mg mL
-1




rheometer (TA Instruments AR-G2) at 25 ºC using a cone and plate geometry with a 
cone having an angle of 2º, diameter of 60 mm, and truncation of 54 µm. 
3.2.2 Wet-spinning of PU fibres 
The wet-spinning of PU fibres was carried out from PU solutions at various 
concentrations in different solvents using a range of non-solvent compositions. Two 
coagulation configurations, named as horizontal (H) and vertical (V), were used into 
which PU solutions were injected at flow rates of 0.1 – 50 mL h
-1
 (details of wet-
spinning methods can be found in Chapter 2). PU fibres were continuously collected 
on a winder and air-dried for one day before characterisation. 
3.2.3 Characterisation of wet-spun PU fibres 
The diameter of PU as-spun fibres was measured using an optical microscope (Leica 
DM6000 M) from at least 10 points along the length of the fibres. The morphology 
of PU fibres was observed using a scanning electron microscope (SEM) (JEOL JSM-
7500FA) after 5-nm platinum coating (EDWARDS Auto 306). SEM samples were 
prepared according to the method described in Chapter 2. 
The mechanical properties of PU fibres were measured using Shimadzu EZ-L by 
two tests, i.e. tensile test and elastic recovery test, using a minimum of 5 samples per 
test condition. Procedures for samples preparation and conductance of these tests can 
be found in Chapter 2. Young’s modulus, yield stress (stress at 5 % strain), tensile 
strength, elongation at break, and toughness were calculated from the tensile results 
and elastic recoveries at different applied strains were extracted from elastic recovery 
results using custom-coded programmes in MATLAB (Appendix B). 
Thermogravimetric analysis (TGA, TA Instruments Q500) of PU fibres was 
performed under a nitrogen atmosphere from 25 ºC to 650 ºC at a heating rate of 5 
°C min
-1
 using a platinum pan. Differential scanning calorimetry (DSC) was carried 
out on a TA Instruments Q100 over the range of -80 – 250 °C at a heating rate of 5 
°C min
-1





3.3 Results and discussion 
3.3.1 PU solvent selection 
The solubility of PU was tested in a range of organic solvents as shown in Table ‎3.1. 
PU was found to be soluble in most polar aprotic solvents such as DMF, DMSO, 
THF, and CHP but not soluble in polar protic (EtOH, MetOH, and IPA) or non-polar 
(chloroform and toluene) solvents. 
 
Table ‎3.1 Solubility of PU in a range of organic solvents 
Solvent type Solvent PU solubility 
Polar aprotic 
Dimethyl sulfoxide (DMSO) Yes 
N,N-Dimethylformamide (DMF) Yes 
Acetone No 
Tetrahydrofuran (THF) Yes 
1-Cyclohexyl-2-pyrrolidone (CHP) Yes 
Polar protic 
Ethanol (EtOH) No 
Methanol (MetOH) No 





3.3.2 Rheology of PU solutions 
PU solutions were prepared at different concentrations in all four selected organic 
solvents; namely DMF, DMSO, THF, and CHP. The rheological properties of PU 
solutions were then studied using a cone and plate geometry by an ascending flow 
test in which shear rate was swept from 0.01 to 400 s
-1
. Figure ‎3.1 shows the 
viscosity vs. shear rate behaviour for various PU solutions. By increasing the 
concentration of PU from 20 to 250 mg mL
-1
, the viscosity of PU solutions in DMF 
(at shear rate of 0.01 s
-1
) increased from ~0.004 to 5 Pa s (Figure ‎3.1a). The 
rheological behaviour of PU was dependent upon the solvent used (Figure ‎3.1b). 
Viscosities of approximately 0.013, 0.016, 0.07, and 0.25 Pa s at low shear rate of 
0.01 s
-1




at the concentration of 50 mg mL
-1
. This variation in rheological properties stems 
from different viscosities of the solvents used (~0.5, 0.9, 2.0, and 11.5 mPa s for 
THF, DMF, DMSO, and CHP respectively). Furthermore, viscosity of the PU 
solutions decreased with shear rate. This effect was more pronounced at higher 
concentrations of PU. For instance, for PU solution of 250 mg mL
-1
 in DMF, 
viscosity of the solution decreased from ~5 to 4 Pa s when shear rate increased from 
0.01 to 400 s
-1
. This rheological study of PU solutions under shear is advantageous 






Figure ‎3.1 Viscosity vs. shear rate of PU solutions: a) in DMF at different 
concentrations, b) in different organic solvents at concentration of 50 mg mL
-1
, and 
c) in CHP at different concentrations 
 






















































































3.3.3 Spinnability of PU solutions 
Understanding the spinnability (the ability or the ease of making fibres from a given 
set of raw materials) of PU at different conditions is critical for later production of 
PU composite fibres in this thesis. Hence, a systematic study was performed to study 
the effect of spinning conditions on spinnability of PU solutions and to optimise the 
wet-spinning conditions. Following parameters were taken into consideration: 
1. Flow rate of PU solution injection 
2. PU concentration 
3. Solvent/non-solvent system 
 
The PU fibre formation was investigated over the flow rates ranging from 0.1 to 
50 mL h
-1
 (Table ‎3.2). PU spinning solution concentration was kept at 50 mg mL
-1
 
and water was used as the non-solvent (horizontal configuration). Spinnability was 
achieved for all of the investigated flow rates. However, the low flow rate of 0.1 mL 
h
-1
 resulted in very slow production speed and non-uniform fibres. Beads started to 
appear along the PU fibre at flow rate of 20 mL h
-1
 which became more frequent at 
the higher flow rates. 
 
Table ‎3.2 Spinnability of PU solutions at different flow rates (PU concentration: 50 
mg mL
-1
, solvent: DMF, non-solvent: water, and configuration: horizontal) 
Flow Rate (mL h
-1
) Spinnability 
0.1 Spinnable (slow production and non-uniform fibres) 
1 Spinnable 
5 Spinnable 
20 Spinnable (beads appeared) 
50 Spinnable (beaded fibres) 
 
The spinnability of PU solutions in DMF was investigated over a range of PU 
concentrations from 10 – 250 mg mL
-1
 (Table ‎3.3). Water was used as the non-
solvent in the coagulation bath (horizontal configuration) and PU solutions were 
injected into the bath with flow rate of 5 mL h
-1
. PU was found to be spinnable at a 
broad range of concentration, from 30 to 250 mg mL
-1
. PU solutions in DMF with 
concentrations of 20 mg mL
-1
 and below, resulted in formation of short fibres or 




viscosities of the PU solutions at concentrations below 20 mg mL
-1
 (Figure ‎3.1a). 
On the other hand, the wet-spinning of the PU solution with the concentration of 250 
mg mL
-1
 was difficult due to the very high viscosity of the solution (Figure ‎3.1a). 
 
Table ‎3.3 Spinnability of PU solutions at different concentrations (solvent: DMF, 
non-solvent: water, flow rate: 5 mL h
-1
, and configuration: horizontal) 
PU Concentration (mg mL
-1
) Spinnability 
10 Not Spinnable 







250 Spinnable (difficult injection) 
 
 
The effect of solvent/non-solvent system on the spinnability of PU was explored 
at constant PU concentration of 50 mg mL
-1
 and flow rate of 5 mL h
-1
. Table ‎3.4 
shows all solvent/non-solvent systems investigated. PU solutions in different 
solvents were found to be spinnable in a range of non-solvents in the coagulation 
baths when appropriate configuration was used. For instance, when EtOH or IPA 
was used as the non-solvent in the horizontal coagulation bath configuration, wet jets 
(stream of spinning solution) were resulted and no fibres could be collected. Vertical 
configuration allowed more time for the coagulation of the jet and continuous PU 
fibres were thus obtained. While PU solution in THF was spinnable in the vertical 
coagulation bath of IPA, PU in DMSO did not exhibit evidence of spinnability under 
the same coagulating condition. However, when mixtures of IPA and water were 
used in the vertical coagulation bath, continuous fibres were formed from the PU 
solutions in DMSO. This was due to the higher coagulation power of water for PU 




The spinning of PU solution in CHP at a 
concentration of 50 mg mL
-1
 resulted in a wet jet that could not be collected on the 
winder. The PU concentration of 40 mg mL
-1
 in CHP only led to the production of 






fibres from CHP solutions were achieved (at a lower flow rate of 1 mL h
-1
). 
Figure ‎3.2 shows a photograph of the typical wet-spun PU fibre on a winder. 
 
Table ‎3.4 Spinnability of PU solutions at different solvent/non-solvent systems (PU 
concentration: 50 mg mL
-1
 and flow rate: 5 mL h
-1
) 








EtOH (H) Not Spinnable 
EtOH (V) Spinnable 
IPA (H) Not Spinnable 
IPA (V) Spinnable 
DMSO 
IPA (V) Not Spinnable 
IPA/Water (50/50 v/v, V) Spinnable 
IPA/Water (80/20 v/v, V) Spinnable 
THF IPA (V) Spinnable 
CHP IPA (V) Spinnable
‡ 
†
 Horizontal configuration (H) and vertical configuration (V) 
‡
 Spinnable at the concentration of up to 40 mg mL
-1





Figure ‎3.2 Photograph of the PU fibre wet-spun from the spinning solution in DMF 
(50 mg mL
-1
) at the flow rate 5 mL h
-1
 in the vertical coagulation bath of IPA 
 
The spinnability of a polymeric solution depends on many parameters, including 




applied during injection through the spinneret, and mass transfer rate difference 
between the extruded solution and non-solvent (Δk).
13,27
 The capillary break-up, 
widely understood as a surface tension-induced break-up of filaments into drops, can 
occur at low concentrations of the polymer solution and determines the lower limit of 
spinnability.
27
 The PU fibre formation at low concentrations was interrupted as a 
result of the capillary break-up of the jet originating from the low viscosities of the 
spinning solutions. High concentrations (more than 200 mg mL
-1
 in the current 
study), on the other hand, can present wet-spinning with other processing challenges 
as a result of higher viscosity. Generally in this study, good spinnability was 
achieved for PU solutions with the concentrations of 30 – 200 mg mL
-1
 (viscosities 
0.005 – 2 Pa s). 
In the course of fibre formation during wet-spinning, polymer solution is pushed 
through a spinneret under pressure and therefore undergoes shear.
28
 This resembles 
the flow of a fluid in a capillary. Assuming a Newtonian flow, the shear rate during 
extrusion can be estimated from the flow rate (Q) and inner radius of the spinneret 
(R), using equation  3.1. 
 
  ̇  
  
   
 ( 3.1) 
 





 methods. Using equation  3.1 and R=0.17 mm for gauge 23 spinneret 
used in this study,  ̇ was calculated as 7.4, 74, 370, 1479, and 3696 s-1 for flow rates 
of 0.1, 1, 5, 20, and 50 mL h
-1
 respectively. While the application of shear is essential 
in obtaining orientation in the fibre, high shear rates resulting from the high flow 
rates have been shown to increase the die swell (swelling of the free jet of solution 
upon extrusion from the spinneret).
31,32
 Die swell occurs as a consequence of 
polymer relaxation due to its low entropy conformation after shear is applied during 
extrusion through the spinneret, where polymer molecules are oriented by the 
flow.
13,27
 The diameter of the jet then decreases as a result of drawing along the 
spinning path. A hard “skin” is also formed on the surface of the filament which 
results in a decrease in the rate the jet diameter decrease.
13,27
 Formation of beaded 
PU fibres at high flow rates were likely due to the non-uniform drawing in the 




it is best to maintain the flow rate at sufficiently low level to minimise the shear 
applied during injection and non-uniform fibre formation. 
As mentioned earlier, the mass transfer rate difference in and out of the jet plays 
an important role in the spinnability of a solution. It greatly influences the 
coagulation rate. While high coagulation rates promote skin formation, low rates of 
coagulation can result in the formation of  gel-like structures
32
 and ductile break-up 
may occur as a result.
27
 The failure in the PU fibre formation for the DMSO solution 
in the vertical coagulation bath of IPA was due to the low mass transfer rate 
difference that resulted in a low coagulation rate and thereby ductile failure of the jet. 
This effect was modulated by changing the composition of coagulation bath to 
IPA/water mixtures. The same reason prevented fibre formation from the CHP 
solution of PU at the concentration of 50 mg mL
-1
 and higher. The lower 
concentration of the PU increased the coagulation rate and resulted in continuous 
fibre formation. 
3.3.4 Effect of wet-spinning conditions on morphology of PU fibres 
The effect of wet-spinning conditions on the morphology of PU fibres was 
investigated. Figure ‎3.3 shows how PU fibre diameter is affected by wet-spinning 
conditions. Increasing the flow rate of injection resulted in an increase in fibre 
diameter (DMF spinning solution at the concentration of 50 mg mL
-1
 into horizontal 
coagulation bath of water). The diameter of PU fibres more than doubled (from 71 ± 
16 µm to 164 ± 32 µm) by an increase in flow rate from 0.1 to 20 mL h
-1
 
(Figure ‎3.3a). The PU fibre diameter was also found to increase with the PU 
concentration when other spinning parameters were kept unchanged (Figure ‎3.3b). 
The PU fibre diameter increased from 94 ± 24 µm to 161 ± 21 µm when the PU 
concentration increased from 30 to 250 mg mL
-1
. These effects of concentration and 
flow rate on the PU fibre diameter were expected as increasing either concentration 
or flow rate supplies more polymer to the coagulation bath that can in turn result in 
increasing the diameter of the fibre. 
At one concentration (50 mg mL
-1
) and one flow rate (5 mL h
-1
), solvent/non-
solvent system did not play a major role on the PU fibre diameter. A higher fibre 
diameter and a slightly lower fibre diameter were observed respectively for the PU 
fibre wet-spun from the THF solution into IPA (vertical) and the DMSO solution 




counterpart (Figure ‎3.3c). This is likely due to the difference in the coagulation rate 
for the various solvents. Due to the higher volatility of THF than DMF (more volatile 
than DMSO), solvent extraction during the PU wet-spinning occurs more rapidly for 
THF than DMF (faster than DMSO). This will result in a higher mass transfer rate 
difference for THF than DMF (higher mass transfer rate difference than DMSO). In a 
system of higher mass transfer rate difference, solidification occurs more rapidly (i.e. 
a higher coagulation rate) leading to a decrease in flow of the jet into the coagulation 
bath and consequently results in fibre of a larger diameter.
33
 Consequently, the PU 
concentration and flow rate of the spinning solution were found to be more dominant 
relation to PU fibre diameter than the solvent/non-solvent system and therefore can 
be used to control the diameter of final PU fibre. The data for PU fibre diameters 
have been listed in Table A.1 in Appendices. 
Scanning electron microscopy (SEM) was used to study the effect of wet-
spinning conditions on cross-sectional shape of PU fibres. Figure ‎3.4 shows the 
SEM micrographs of the PU fibres obtained at different wet-spinning conditions. The 
cross-section of the PU fibre changed from crumpled (Figure ‎3.4a) to flat 
(Figure ‎3.4c) and then to circular (Figure ‎3.4e) by increasing the flow rate of the PU 
spinning solution (50 mg mL
-1
 in DMF) from 0.1 to 20 mL h
-1
 (horizontal 
coagulation bath of water). Under the same wet-spinning conditions (at a flow rate of 
5 mL h
-1
), the cross-section of the PU fibre changed from highly irregular 
(Figure ‎3.4b) to flat (Figure ‎3.4c) and then to a more regular trapezoid 
(Figure ‎3.4d) cross-section when the PU concentration increased from 30 to 250 mg 
mL
-1
. The choice of solvent/non-solvent system also played a significant role in 
determining the cross-section of the PU fibre. Under the same concentration and flow 
rate of 50 mg mL
-1
 and 5 mL h
-1
 respectively, similar flat cross-sections were 
obtained from the DMF solution spun from different coagulation baths (Figure ‎3.4c, 
f, g). Flat fibres were also produced from the THF solution when wet-spun into IPA 
(V), however, voids were present in the cross section and a porous structure was 
obtained (Figure ‎3.4i). For the PU solution in DMSO wet-spun into IPA/water (V), 
the cross-section became more regular with a trilobal-like morphology being 
obtained. The fibre obtained under this condition also exhibited a denser structure 
with no voids. When CHP was used as the solvent of PU (at 40 mg mL
-1
), an 
elliptical cross-section resulted (2 mL h
-1







Figure ‎3.3 Effect of wet-spinning conditions on PU fibre diameter: a) flow rate, b) 
PU concentration, and c) solvent/non-solvent system. [H=horizontal and V=vertical 
wet-spinning configuration] 












































































DMF 50 mg mL
-1
 into Water (H) 
DMF 5 mL h
-1
 into Water (H) 
DMF 50 mg mL
-1






The shape of the cross-section of a wet-spun fibre is determined by both the 
deformability of skin layer formed during the early stages of the coagulation and the 
mass transfer rate difference between solvent and non-solvent.
27
 More precisely, a 
circular cross-section can be obtained when the mass transfer rate (Δk) of the solvent 
is less than that of the non-solvent (Δk < 0). However, when the solvent diffuses out 
of the jet faster than the non-solvent penetrates (Δk > 0), the shape of the cross-
section will be dominated by the mechanical behaviour of the coagulated layer. The 
formation of a soft and thin skin layer, which can easily shrink, will result in a 
circular cross-section. Alternatively, a rigid and thick skin layer will collapse in the 
coagulation bath resulting an irregular or contracted cross-section.
34
 This collapse of 
cross-section occurs due to the solidification gradient emanating from the difference 
in deformability of the skin layer and that of the core.
27
 As the core remains 
relatively viscous, solvent trapped inside the jet needs to leave in order to form a 
solid fibre and it is at this stage where fibre contractions occur resulting in irregular 
cross-sections.
13
 A very high coagulation rate (resulting from a high mass transfer 
rate difference) may also lead to the formation of a porous structure in the fibre 
cross-section. Whereas a slow coagulation rate will result in a denser fibre is 
resulted.
33
 Therefore, due to a high positive mass transfer rate difference for 
DMF/water system and high coagulation power of water,
29
 which results in a thick 
skin layer formation on the surface of the jet at the low flow rate of 0.1 mL h
-1
, very 
irregular cross-sections were obtained in PU fibre. High flow rates will result in a 
lower relative thickness of the skin to the viscose core (due to a milder solidification 
gradient along the cross-section). As a result, a circular cross-section was obtained 
for the PU fibre wet-spun at flow rate of 20 mL h
-1
. The slower coagulation (low 
mass transfer rate difference) of PU solution in DMSO in the coagulation bath of 
IPA/water when compared to DMF/water (solvent/non-solvent) system resulted in a 
thinner skin layer formation and thereby a more regular cross-section and a denser 
fibre. In contrast, when THF and IPA were used as the solvent and non-solvent for 
PU respectively, fast coagulation resulted in irregular cross-section and a more 





Figure ‎3.4 SEM micrographs of PU fibres wet-spun from: a) DMF 50 mg mL
-1
 into 
water (H) 0.1 mL h
-1
, b) DMF 30 mg mL
-1
 into water (H) 5 mL h
-1
, c) DMF 50 mg 
mL
-1
 into water (H) 5 mL h
-1
, d) DMF 250 mg mL
-1
 into water (H) 5 mL h
-1
, e) DMF 
50 mg mL
-1
 into water (H) 20 mL h
-1
, f) DMF 50 mg mL
-1
 into EtOH (V) 5 mL h
-1
, 
g) DMF 50 mg mL
-1
 into IPA (V) 5 mL h
-1
, i) DMSO 50 mg mL
-1
 into IPA/water 
(80/20, V) 5 mL h
-1
, f) THF 50 mg mL
-1
 into IPA (V) 5 mL h
-1
, and j) CHP 40 mg 
mL
-1











3.3.5 Mechanical properties of PU fibres 
PU fibres wet-spun under different conditions were evaluated for their mechanical 
properties. Two series of mechanical properties tests, namely tensile test and elastic 
recovery test were performed.  
3.3.5.1 Tensile test 
The effect of spinning conditions on tensile properties of PU fibres was investigated. 
These conditions include flow rate of injection, PU concentration, and solvent/non-
solvent system. Figure ‎3.5 shows stress-strain curves for tensile tests on PU fibres 
wet-spun under different conditions. The tensile curves of the PU fibres showed an 
initial stiff response which became more compliant as the sample was stretched 
further. At high strains, a stress amplification effect was noted. In PU, hard segment 
domains act as reinforcement of the more flexible soft segment domains; therefore, 
properties of PU elastomers resemble those of filled rubbers.
35–37
 The initial stiff 
behaviour of PU is, therefore, associated to the presence of hard segment domains.
38
 
The compliant behaviour observed at mid-range strains is a result of soft segment 
extension as well as fibrillar hard segments orientation in the direction of the strain 
and lamellar hard segment domains rotation perpendicular to the strain direction (due 
to the long lamellar domain axis being perpendicular to chains orientation).
36,39,40
 At 
high strains, hardening was observed as a result of strain-induced crystallisation in 
soft segments. Strain-induced crystallisation occurs because of thermodynamically 
favourable formation of crystals consisting of highly aligned extended soft segment 
chains at elevated strains
36,39
 and is responsible for the increase observed in stress at 







Figure ‎3.5 Stress-strain curves for tensile tests on PU fibres wet-spun at different: a) 
flow rates, b) PU concentrations, and c) solvent/non-solvent systems (a, b: PU 
dissolved in DMF wet-spun into water and c: PU concentration of 50 mg mL
-1
 and 
flow rate of 5 mL h
-1
) 



















































































DMF into Water (H)
DMF into EtOH (V)
DMF into IPA (V)
DMSO into IPA (V)







The tensile stress-strain curves for PU fibres obtained at different flow rates 
(Figure ‎3.5a), PU concentrations (Figure ‎3.5b), and solvent/non-solvent systems 
(Figure ‎3.5c) have some differences. Careful observation of the stress-strain curves 
reveals that both small-strain properties (Young’s modulus and yield stress) and 
large-strain properties (tensile strength and elongation) were affected by spinning 
conditions. In order to investigate the effect of wet-spinning conditions on tensile 
properties of PU fibres, the values of Young’s modulus, yield stress (stress at 5 % 
strain), tensile strength, elongation at break, and toughness were extracted from the 
stress-strain curves and analysed. Figure ‎3.6 illustrates the effect of flow rate on 
tensile properties of the PU fibres. The Young’s modulus and yield stress of the PU 
fibres increased slightly from 5.9 ± 1.3 MPa and 0.32 ± 0.06 MPa to 8.1 ± 2.3 MPa 
and 0.37 ± 0.12 MPa respectively when the flow rate of the PU spinning solution (50 
mg mL
-1
 in DMF) was increased from 0.1 to 20 mL h
-1
. For the PU fibres wet-spun 
under the same condition, there was a slight increase in the tensile strength from 12 ± 
2 to 21 ± 10 MPa when flow rate changed from 0.1 to 5 mL h
-1
. However, a higher 
flow rate of 20 mL h
-1
 resulted in a lower tensile strength of 14 ± 6 MPa. The 
elongation at break of the PU fibres exhibited an initial rise from 317 ± 39 to 422 ± 
15 % for an increase in flow rate from 0.1 to 1 mL h
-1
 and decreased to 333 ± 44 % 
with a further increase in flow rate to 20 mL h
-1
. Finally, the highest toughness (28 ± 
17 MJ m
-3
) was obtained for a PU fibre wet-spun at flow rate of 5 mL h
-1
. Lower and 
higher flow rates of 0.1 and 20 mL h
-1
 resulted in PU fibres with lower toughness (14 








Figure ‎3.6 Effect of flow rate on mechanical properties of PU fibres: a) Young’s 
modulus, b) yield stress (stress at 5 % strain), c) tensile strength, d) elongation at 
break, and e) toughness. [PU solution in DMF 50 mg mL
-1
 wet-spun into water using 
the horizontal configuration] 























































































































The effect of PU concentration on tensile properties of the PU fibres is shown in 
Figure ‎3.7 (for DMF spinning solutions, flow rate of 5 mL h
-1
, and wet-spinning into 
the horizontal coagulation bath of water). An initial decrease was observed in the 
Young’s modulus and yield stress of the PU fibres (from 12.1 ± 2.3 and 0.52 ± 0.10 
MPa to 6.2 ± 2.8 and 0.29 ± 0.11 MPa respectively) with increasing the PU 
concentration from 30 to 50 mg mL
-1
. This trend was reversed at higher 
concentrations whereby the maximum Young’s modulus and yield stress of 14.8 ± 
0.5 MPa and 0.68 ± 0.05 MPa were obtained at PU concentration of 200 mg mL
-1
. 
Increasing PU concentration from 30 mg mL
-1
 in solution resulted in PU fibres with 
higher tensile strength up to the concentration of 150 mg mL
-1
 (41 ± 7 MPa 
compared to initial value of 16 ± 3 MPa) after which tensile strength decreased and 
plateaued at ~28 MPa. Elongation at break of PU fibres increased from 310 ± 10 % 
for PU concentration of 30 mg mL
-1
 to the maximum of 448 ± 9 % at PU 
concentration of 100 mg mL
-1
 and fluctuated between 360 – 390 % for PU fibres 
produced from higher solution concentrations.  Peaking at 51 ± 13 MJ m
-3
 for PU 
concentration of 100 mg mL
-1
 from initial value of 21 ± 4 MJ m
-3
 (at 30 mg mL
-1
), 
toughness of PU fibres remained almost the same at slightly lower values 43 – 48 MJ 
m
-3
 for higher PU concentrations. These observations agree reasonably well with the 
results of PU fibres obtained at flow rate of 1 mL h
-1
. Taken the above observations 
into account, PU concentrations of 100 mg mL
-1
 or above seem to present high 






Figure ‎3.7 Effect of PU concentration on mechanical properties of PU fibres: a) 
Young’s modulus, b) yield stress (stress at 5 % strain), c) tensile strength, d) 
elongation at break, and e) toughness. [PU solution in DMF, flow rate 5 mL h
-1
 wet-
spun into water using the horizontal configuration] 





























































































































The effect of different solvent/non-solvent coagulating systems on the tensile 
properties of PU fibres (PU concentration 50 mg mL
-1
 and flow rate 5 mL h
-1
) is 
shown in Figure ‎3.8. The highest tensile properties of the PU fibres were obtained 
when DMSO was used at the solvent and IPA/water (80/20 v/v, V) as the non-
solvent composition. The Young’s modulus and yield stress of PU fibres produced 
from DMF solutions were lower when EtOH (3.6 ± 0.7 MPa and 0.19 ± 0.07 MPa 
respectively) or IPA (2.9 ± 0.8 MPa and 0.18 ± 0.05 MPa respectively) were used as 
the coagulation bath (V) compared to the PU fibre with water (H) as the non-solvent 
(Young’s modulus of 6.2 ± 2.8 MPa and yield stress of 0.29 ± 0.11 MPa). The PU 
fibre wet-spun from the DMSO solution into isopropanol/water (80/20 v/v, V) 
exhibited the highest Young’s modulus (7.2 ± 0.7 MPa) and yield stress (0.48 ± 0.09 
MPa) while the PU fibre obtained from the THF solution at the same concentration 
wet-spun into IPA (V) presented the lowest Young’s modulus (2.0 ± 0.5 MPa) and 
yield stress (0.10 ± 0.03 MPa). The tensile strength of the PU fibres was also at its 
highest (67 ± 9 MPa) when DMSO was used as the solvent and IPA/water (80/20 
v/v) as the non-solvent and at its lowest in the case of THF/IPA solvent/non-solvent 
system (7 ± 2 MPa). The tensile strength of the PU fibres wet-spun from the DMF 
solutions into coagulation baths of water (H), EtOH (V), and IPA (V) fell in the 
middle of the above spectrum with IPA resulting in the highest (26 ± 7 MPa) and 
EtOH leading to the lowest (10 ± 3 MPa) values among the three. The highest (472 ± 
27 %) and lowest (343 ± 21 %) elongations at break were attributed to DMSO into 
water/IPA and DMF into IPA systems respectively. The other PU fibres presented an 
elongation at break of 390 – 420 %. PU fibres wet-spun from the DMSO solution 
into IPA/water (80/20 v/v, V) and from the THF solution into IPA (V) were 
respectively superior (80 ± 13 MJ m
-3
) and inferior (10 ± 3 MJ m
-3
) with respect to 
the toughness. While the wet-spinning of the DMF solution into EtOH (V) resulted 
in a PU fibre with a toughness of as low as the THF/IPA solvent/non-solvent system, 
changing the coagulant of the DMF solution to water (H) or IPA (V) resulted in 
fibres with significantly higher toughness in the range of ~28 MJ m
-3
. When THF 






Figure ‎3.8 Effect of solvent/non-solvent system on mechanical properties of PU 
fibres: a) Young’s modulus, b) yield stress (stress at 5 % strain), c) tensile strength, 
d) elongation at break, and e) toughness. [PU solution in DMF 50 mg mL
-1































































































































The Young’s modulus of a wet-spun fibre depends on the mas transfer rate 
difference (Δk) between the solvent and coagulant.
34
 Due to a higher structural 
ordering, a lower mass transfer rate difference gives rise to a higher Young’s 
modulus in the fibre.
34
 Similar behaviour is expected for the yield stress which is also 
a low-strain property of fibre. However, the mechanical properties of fibres at high 
strains (tensile strength and elongation at break) appear to be greatly influenced by 
the integrity (formation of dense or porous assembly) of the structure. Therefore, the 
PU fibres wet-spun at higher flow rates, which have lower coagulation rate (lower 
mass transfer rate difference), exhibited higher Young’s modulus and yield stress. 
Increasing the flow rate changed the structure of the PU fibres from highly porous to 
dense and then porous back to porous (see Figure A.1a, c, e in Appendices). These 
structural differences might account for the initial increase and final decrease in the 
tensile strength and the elongation at break of the PU fibres with increasing the flow 
rate. As a result, toughness of the PU fibres also increased and then decreased with 
the flow rate. 
Due to the same above reasons, the Young’s modulus and the yield stress of the 
PU fibres increased with the PU solution concentration as a result of a lower 
coagulation rate. The initial decrease in the Young’s modulus and the yield stress by 
increasing the concentration could be due to the damages in the hard segment 
domains as a result of a higher shear stress experienced by the more viscose solution 
during injection. Similarly the production of the denser and then more porous PU 
fibre (Figure A.1b–d) by increasing the PU concentration resulted in an increase and 
then decrease in tensile strength and elongation at break. 
The low mass transfer rate difference in wet-spinning of the PU fibre from 
DMSO solution into IPA/water resulted in the highest Young’s modulus and yield 
stress. The denser fibre structure (Figure A.1h) achieved under this condition led to 
a significantly higher tensile strength, elongation at break, and toughness compared 
to other PU fibres produced. In contrast, the high mass transfer rate difference and 
the porous structure (Figure A.1i) of the PU fibre produced from THF/IPA 
(solvent/non-solvent) system accounts for the lowest observed mechanical properties 




3.3.5.2 Elastic recovery test 
To elucidate the elastic properties of the PU fibres and establish the effect of wet-
spinning conditions on elastic performance of fibres produced at different conditions, 
elastic recovery tests were carried on PU fibres which were incrementally stretched 
from 50 to 400 % and subsequently relaxed after each applied strain. Figure ‎3.9 
shows stress-strain curves for the elastic recovery tests on the wet-spun PU fibres. 
Despite some differences in shapes of the graphs for PU fibres obtained at different 
flow rates (Figure ‎3.9a), concentrations (Figure ‎3.9b), and solvent/non-solvent 
systems (Figure ‎3.9c), they all shared some features. The loading and unloading 
paths were different for all PU fibres, suggesting hysteresis in stress-strain 
relationship. This can be attributed in part to the loss of fibrillar and lamellar 
orientation after removal of stress which results in less-organised hard segment 
domains.
36
 Stress transfer to chains in hard segment domains will also cause some 
irreversible deformation and permanent breakup of PU chains during loading thereby 
reducing the number of effective load-bearing networks resulting in a lower 
stress.
36,41,42
 Slippage of the polymer chains in hard segment domains is also possible 
and can bring about loss of strain energy in the form of frictional heat, resulting in 
the redistribution of stress. This subsequently reduces the stress in unloading path 
giving rise to the observed hysteresis.
43
 
Stress softening is also observed in the PU fibre, i.e. the stress-strain curve 
becomes more compliant in the succeeding cycle resulting in a lower stress value at 
the same strain. This is due to the so-called Mullins effect and occurs as a result of 
the breakage and partial reconstruction of hard segment domains via the formation of 
the new cross-links between the polymer chains. Broken and slipped chains in the 
first cycle will not contribute to the strength of elastomer in the next cycle and 




Furthermore, the origin of the curve in reloading is shifted towards a higher strain 
suggesting the existence of permanent set. Permanent set occurs as a result of plastic 
deformation resulting from a broad distribution of relaxation times in polymer chains 
with broken or damaged hard segment domains.
45
 As a result of permanent set, 
elastic recovery (defined as 100 % - permanent set) of less than 100 % is usually 





Figure ‎3.9 Stress-strain curves for elastic recovery tests on PU fibres wet-spun at 
different: a) flow rates, b) PU concentrations, and c) solvent/non-solvent systems (a, 
b: PU solution in DMF wet-spun into water and c: PU concentration of 50 mg mL
-1
 
and flow rate of 5 mL h
-1
) 






























































DMF into IPA (V)
DMSO into IPA/Water (V)







The above futures are characteristics of thermoplastic PU elastomers and stem 
from microphase separation of solid-like hard segments and rubbery soft segments 
which occurs as a result of thermodynamic incompatibility of the two phases 
stabilised by cross links between urethane and urea groups.
38,40,46
 
In order to understand the effect of wet-spinning conditions on the elastic 
properties of PU fibres, the values of elastic recovery were calculated at different 
applied strains from the stress-strain curves. Figure ‎3.10 shows how elastic 
recoveries of PU fibres at 100 to 300 % are influenced by flow rate of spinning 
solution (PU solution in DMF 50 mg mL
-1
, horizontal coagulation bath of water). 
Elastic recovery of PU fibres at 100 % strain increased from 79.4 ± 1.5 to 90.9 ± 0.7 
% when the flow rate of spinning solution (concentration 50 mg mL
-1
) increased 
from 0.1 to 5 mL h
-1
. Higher flow rates resulted in slightly lower elastic recoveries. 
Elastic recovery was found to decrease by application of higher strains. For instance 
for the PU fibre wet-spun from 50 mg mL
-1
 solution and flow rate of 5 mL h
-1
, lower 
elastic recovery of 83.9 ± 0.5 % was observed at 300 % strain compared to 90.9 ± 0.7 
% at 100 % strain. 
The effect of the PU concentration on the elastic recovery of PU fibres is 
depicted in Figure ‎3.11 (PU solution in DMF, flow rate of 5 mL h
-1
, horizontal 
coagulation bath of water). With increasing the PU concentration, the elastic 
recovery of the PU fibres increased first and then reduced whereby the PU fibre wet-
spun from DMF solution of 50 mg mL
-1
 (flow rate of 5 mL h
-1






Figure ‎3.10 Effect of flow rate on elastic properties of PU fibres: elastic recovery at 
a) 100 % strain, b) 200 % strain, and c) 300 % strain. [PU solution in DMF 50 mg 
mL
-1
 wet-spun into water using the horizontal configuration] 


























































































Figure ‎3.11 Effect of PU concentration on elastic properties of PU fibres: elastic 
recovery at a) 100 % strain, b) 200 % strain, and c) 300 % strain. [PU solution in 
DMF, flow rate 5 mL h
-1
 wet-spun into water using the horizontal configuration] 






















































































The choice of solvent/non-solvent system (PU solution concentration 50 mg mL
-
1
, flow rate 5 mL h
-1
) also affected the elastic recovery of PU fibres (Figure ‎3.12). 
PU fibres wet-spun from the DMF solution into IPA (V) and the DMSO solution into 
IPA/water (80/20, V) exhibited equally high elastic recovery (~93 % at 100 % 
strain). When EtOH was used as the coagulant or THF as the solvent for PU, lower 
elastic properties were observed in the final PU fibres. Data for elastic recoveries of 
PU fibres can be found in Table A.1 in Appendices. 
Similar to the tensile properties, the above elastic recovery results can be 
interpreted by the mass transfer rate difference (between solvent and non-solvent) 
and the resulting porosity of the PU fibre. As discussed earlier, low mass transfer rate 
difference can result in a dense structure formation giving rise to high elastic 
recoveries as was observed in DMSO (solvent) and IPA/water (non-solvent) system. 
The higher porosity of the PU fibre produced at high flow rates or at high 






Figure ‎3.12 Effect of solvent/non-solvent system on elastic properties of PU fibres: 
elastic recovery at a) 100 % strain, b) 200 % strain, and c) 300 % strain. [PU solution 
in DMF 50 mg mL
-1






























































































3.3.6 Thermal properties of PU fibres 
The effect of fibre spinning on thermal properties of PU was investigated by means 
of thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 
3.3.6.1 Thermogravimetric analysis of PU fibres 
Figure ‎3.13 shows the results of thermogravimetric analysis on PU granule and a 
typical PU wet-spun fibre (50 mg mL
-1
 DMF solution into horizontal coagulation 
bath of water at 5 mL h
-1
). Shown in Figure ‎3.13 are also derivative TGA (DTG) 
thermograms for PU granule and fibre. PU wet-spun fibre exhibited slightly lower 
decomposition temperature than the PU granule. Decomposition was observed to 
occur at temperatures of ~260 °C and ~240 °C for PU granule and fibre respectively. 
50 % mass loss was observed at 347 °C for PU granule and at 336 °C for PU fibre. 
This slight difference in decomposition behaviour may be attributed to 
supramolecular changes
47
 during solvent processing and coagulation by the non-
solvent. In this process, some bonds are broken during the solution and reformed 
during the coagulation process resulting in a different microstructural morphology 








Figure ‎3.13 a) TGA and b) DTG thermograms of PU granule and PU fibre wet-spun 
from the DMF solution (50 mg mL
-1




3.3.6.2 Differential scanning calorimetric analysis of PU fibres 
The DSC thermograms of PU granule and a typical PU wet-spun fibre (50 mg mL
-1
 
DMF solution into horizontal coagulation bath of water at 5 mL h
-1
) are illustrated in 
Figure ‎3.14. Due to amorphous structure of PU, no melt peak was observed for the 
PU granule. DSC thermogram of the PU fibre did not show a melt peak either. 
Therefore, it can be concluded that solvent/non-solvent processing did not induce 















































observed to remain unchanged after fibre production (-30 to -10 °C). This also 
suggests that structure of the PU chains were undamaged as a result of solvent/non-
solvent processing during the fibre spinning. 
 
 
Figure ‎3.14 DSC thermograms of PU granule and PU fibre wet-spun from the DMF 
solution (50 mg mL
-1





The PU fibre production by the wet-spinning process was investigated in this 
chapter. It was found that it is possible to continuously produce PU fibres from the 
spinning solutions in a range of organic solvents at different concentrations, using a 
number of coagulating conditions, and at various flow rates. The wet-spinning 
conditions were observed to have a profound effect on the shape of cross-section and 
morphology of the PU fibres. With increasing the injection flow rate and PU solution 
concentration, the cross-section of the wet-spun PU fibre changed from an irregular 
to a more circular profile. The high mass transfer rate difference in THF/IPA 
(solvent/non-solvent) system resulted in a very porous structure. In contrast, when 
DMSO was used as the solvent of PU and IPA/water as non-solvent, a very dense 
fibre was obtained as a result of a lower mass transfer rate difference. The diameter 
of the PU fibre was found to increase significantly by the flow rate of injection. The 
mechanical properties (tensile and elastic recovery) were also influenced by wet-
















spinning conditions. Mid-range flow rates (1 – 5 mL h
-1
) and concentrations above 
50 mg mL
-1
 resulted in acceptable tensile and elastic recovery performances in wet-
spun PU fibres. The choice of the solvent/non-solvent system was found to be the 
most influential parameter for the final mechanical properties of final PU fibre. Once 
again, PU fibre wet-spun from the DMSO (solvent) and IPA/water (non-solvent) 
system was observed to have superior mechanical properties while the THF/IPA and 
DMF/EtOH solvent/non-solvent compositions had poor tensile and elastic recovery 
performances. This could be explained by the low mass transfer rate difference of the 
DMSO and IPA/water system and the high mass transfer rate difference of THF/IPA 
and DMF/EtOH systems. Therefore, lower mass transfer rate difference was found to 
be more suitable in the production of PU fibres with higher mechanical properties. 
While some supramolecular changes were observed as a result of the solvent/non-
solvent interactions in wet-spinning, as evident from lower decomposition 
temperature in PU fibre than granule, the polymer chains remained intact, as 
suggested by similar glass transition temperatures between PU fibre and granule. 
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4 WET-SPINNING OF POLYURETHANE/PEDOT:PSS HIGHLY 




Fibres with high electrical conductivity have been produced from a range of organic 







 carbon nanotubes 
(CNT),
9–12
 and recently from graphene.
13–15
 Despite being highly conducting, these 
fibres have low stretchability with an elongation at break of typically less than 20 %. 
Fibres with high stretchability, on the other hand, are normally electrically insulating. 
One particular area that could benefit form the combination of high stretchability and 
electrical properties is strain sensing fibres. These conducting elastomeric fibres 
respond to the applied strain by change in their electrical properties and can be 








One way to produce fibres with both electrical and elastic properties is by coating 
an elastomeric fibre (yarn or textiles) with a thin layer of conducting material. 
However, the conductive coatings suffer from poor adhesion on the elastomer and 
since the stretchability of the coated layer is usually lower than the elastomeric fibre, 
breakdown in continuity of the conducting networks usually occur.
21,24–26
 One 
attractive approach to address the mechanical property mismatch between the 
conductive coating and the elastomeric fibre is to integrate the conducting material 
within the elastomeric fibres through composite formulations. However, the addition 
of fillers to elastomer often reduces stretchability of the elastomer. To date, the 
production of conducting elastomeric composite fibres has remained relatively 
unexplored. The lack of progress in this field is due to the limited methods of making 
elastomeric composite formulations with well-dispersed conducting fillers that are 
also processable by fibre wet-spinning methods. 
In order to achieve strain sensing fibres, a processable elastomeric host with high 
stretchability, and high elastic recovery and an electrically conducting filler with 




required. It is envisaged that by exploiting high stretchability of PU and high 
conductivity and solvent-dispersability of PEDOT:PSS, highly conductive and 
elastomeric fibres can be produced that are capable of sensing strains. 
An example for the fabrication of a conductive elastomeric composite fibre is a 
natural rubber/polyaniline (NR/PANI) fibre produced by solvent mixing and wet-
spinning the formulation.
27




 was achieved for 5 
% w/w PANI which remained unchanged at elongation up to 600 %.  Production of 
poly(styrene-b-isobutylene-b-styrene) (SIBS)/poly(3-hexylthiophene) (P3HT) 
conducting elastomeric composite fibres has also been reported.
28
 A maximum 
conductivity of 0.38 S cm
-1
 was achieved for BF4
‾
 doped fibres using a P3HT:SIBS 
ratio of 0.14:1. The resistance of the composite fibres increased with strain up to a 
threshold (between 440 % and 770 %) after which it decreased before breaking. 
SIBS/CNT fibres were also produced by a similar approach exhibiting a conductivity 
of 0.08 S cm
-1
 with CNT:SIBS ratio of 0.04.
29
 These SIBS/CNT fibres showed strain 
sensing behaviour over a very narrow range between 10 – 30 % by changing the 
conductivity. 
As can be seen from the available reports, conducting elastomeric fibres when 
produced, offer limited strain sensing properties with the full potential of this 
approach yet to be realised. A solution to this problem may be addressed by the 
production of high quality spinning formulations through careful selection of the 
conductive filler and elastomeric host as well as the solvent in which they are to be 
dissolved to achieve filler-elastomer interactions that preserves conductivity. 
In this chapter, the development of spinnable formulations containing 
PEDOT:PSS as conducting polymer fillers well-dispersed in a biocompatible PU 
elastomeric host is reported. PEDOT:PSS was chosen as it was solvent processable 
and highly conductive. Other conducting polymers were not investigated as they 
have poor solvent processability and/or lower electrical properties. PU/PEDOT:PSS 
spinning compositions are then optimised and the wet-spinning method used to 
produce fibres that have electrical conductivities that are 50 times higher than 
previously reported. It is also demonstrated for the first time that these elastomeric 
conducting composite fibres can respond to strains over a wide dynamic range. These 
properties in conjunction with biocompatibility offer potential for application in 





4.2.1 PEDOT:PSS dispersions preparation and drop-cast films 
PEDOT:PSS (Agfa Orgacon
TM
 Dry, Batch No. A06 0000BY) dispersions in water, 
DMF, DMSO, and THF were prepared by homogenization (Labtek IKA T25) and/or 
bath sonication (Branson B5500R-DTH). Particle size distributions in PEDOT:PSS 
dispersions were measured by dynamic light scattering technique using Zetasizer 
(Malvern Instruments Nano-ZS) with a glass cuvette; a minimum of 10 
measurements were made for each dispersion. 
Drop-cast films were prepared from PEDOT:PSS dispersions (15 mg mL
-1
) in 
different solvents on plasma-cleaned (Harrick Plasmaflo PDC-FMG) glass slides. 
300 µl of each dispersion was transferred onto the surface of the glass slide and 
dried. Thickness of PEDOT:PSS films were measured by an optical profiler (Veeco 
Wyko NT9100) and four-point probe resistivity measurement system (Jandel RM2) 
with a linear probe head was used to measure the resistivity of PEDOT:PSS films. 
Conductivity of the PEDOT:PSS films were then calculated from the resistivity from 
a minimum of 10 points. 
4.2.2 PU/PEDOT:PSS spinning formulations preparation and characterisation 
In order to obtain fibre spinning solutions, PU (AdvanSource Biomaterials 
Chronoflex
®
 C 80A) was first dissolved in DMF, DMSO, or THF. PEDOT:PSS 
dispersion in the same solvent was then mixed with the PU solution at either a 1:1 or 
2:1 PEDOT:PSS/PU ratio (v/v) to produce the desired PU/PEDOT:PSS formulation. 
To some spinning formulations was added 10 vol. % polyethylene glycol (PEG). 
Viscosity of the spinning solutions was measured by a rheometer (TA Instruments 
AR-G2) at 25 ºC using a cone and plate geometry with a cone having an angle of 2º, 
diameter of 40 mm, and truncation of 55 µm. 
4.2.3 Wet-spinning of PU/PEDOT:PSS fibres 





4.2.4 Characterisation of PU/PEDOT:PSS fibres 
The diameter of wet-spun PU/PEDOT:PSS fibres were measured using an optical 
microscope (Leica DM6000 M) at 10 points along the fibre. Morphology of 
PU/PEDOT:PSS fibres was observed using a scanning electron microscope (SEM) 
(JEOL JSM-7500FA) after 5-nm platinum coating (EDWARDS Auto 306). SEM 
samples were prepared according to the method described in section 2.3.2.2 in 
Chapter 2. 
The conductivity of PU/PEDOT:PSS fibres was measured using an in-house 
linear four-point probe cell with 230 μm probe spacing with a galvanostat (Princeton 
Applied Research 363) to apply current between outer probes and a digital 
multimeter (Agilent 34401A) to measure the voltage between the two inner probes. 
The mechanical properties of PU/PEDOT:PSS fibres were measured using 
Shimadzu EZ-L with a 2 N load cell at strain rate of 10 mm min
-1
 (100 % min
-1
). 
Three tests, i.e. tensile test, elastic recovery test, and cyclic test, were used from and 
5 samples were measured per condition. Procedures for samples preparation and 
conductance of these tests can be found in section 2.3.2.6 in Chapter 2.  
The elastic recovery tests were performed by incrementally stretching the fibres 
to 50, 100, 200, 300, and 400 % (strain rate of 10 mm min
-1
) and relaxing after each 
step. For the cyclic test, the fibres were stretched to 50, 100, and 200 % and then 
relaxed for 10 cycles at each strain with 30 sec relaxation time between each step. 
Values of Young’s modulus, yield stress (stress at 5 % strain), tensile strength, 
elongation at break, and toughness were calculated from the tensile results and elastic 
recoveries at different applied strains were extracted from elastic recovery results 
using custom-coded programmes in MATLAB (see section 2.3.2.7 in Chapter 2 and 
Appendix B). 
The strain sensing behaviour of a selected PU/PEDOT:PSS fibre was 
investigated by in situ monitoring the fibre’s resistance change with the application 
of strain using a digital multimeter (Agilent 34410A). This test was carried out in 
conjunction with the mechanical tests (tensile and cyclic) and the resistance data 
captured every 0.05 sec during the tests using an A/D computer interface. The 




4.3 Results and discussion 
4.3.1 Solvent selection for PU/PEDOT:PSS spinning formulations preparation 
The difference in solubility/dispersability of PU and PEDOT:PSS in various solvents 
is expected to influence the ability to prepare homogeneous PU/PEDOT:PSS 
composite formulations for fibre spinning purposes. Therefore, it was critical to 
determine common solvents suitable for the production of PU/PEDOT:PSS 
composite dispersions that were amenable for wet spinning processes. As discussed 
in Chapter 3, PU used in this study was found to be soluble in a range of polar 
organic solvents including DMF, DMSO, and THF. On contrast, PEDOT:SS is 
mainly dispersible in water which results in coagulation (solidification of PU). 
Luckily, it was found in this study that PEDOT:PSS could also be dispersed in the 
polar solvents used to dissolve PU. Therefore, DMF, DMSO, and THF may be used 
to prepare the PU/PEDOT:PSS spinning formulations. 
Dispersibility of PEDOT:PSS, however, varied in different solvents. The 
PEDOT:PSS particle size distributions were measured in different solvents to 
establish the quality of the dispersions. Figure ‎3.1 shows Z-Average diameter of 
PEDOT:PSS particles and particle size distributions for PEDOT:PSS dispersions in 
different solvents. PEDOT:PSS dispersions in DMF and DMSO exhibited lower Z-
Average of particle sizes (125.6 ± 7.8 nm for DMF and 372.1 ± 12.0 nm for DMSO) 
than that of the dispersion in water (633.8 ± 32.2 nm) although they contained some 
larger particles (5 – 3500 nm for DMF and 90 – 1000 nm for DMSO) than the 
dispersion in water (50 – 850). PEDOT:PSS dispersions in DMF and DMSO were 
stable for weeks after preparation without any noticeable aggregation. PEDOT:PSS 
dispersion in THF also contained significantly larger particles (190 – 2000 nm) than 
the dispersion in water, albeit it had significantly higher Z-Average (1969 ± 129 nm) 
than all other dispersions. Some aggregation was also observed for PEDOT:PSS 
dispersion in THF within the first week. These observations suggested that DMF and 
DMSO are better potential solvents for PU/PEDOT:PSS spinning formulations. 
However, the existence of very large particles (> 1000 nm) in the DMF dispersion of 
PEDOT:PSS implies its less suitability than DMSO dispersion in preparation of 






Figure ‎4.1 a) Z-Average diameter and b) particle size distribution of PEDOT:PSS 


















































PEDOT:PSS 0.5 mg/mL in Water
PEDOT:PSS 0.5 mg/mL in DMF
PEDOT:PSS 0.5 mg/mL in DMSO






Further investigations were carried out to study the effect of PEDOT:PSS 
concentration on the particle size of the DMSO dispersions. Figure ‎4.2 illustrates Z-
Average diameters and particle size distributions at different concentrations of 
PEDOT:PSS in DMSO. Particle size of PEDOT:PSS dispersions in DMSO increased 
with concentration from 30 – 400 nm in diameter (Z-Average 323 ± 41 nm) for 2.5 
mg mL
-1
 dispersion to 80 – 1200 nm (Z-Average 1298 ± 168 nm) for  20 mg mL
-1
 
dispersion indicating the presence of large particles at high PEDOT:PSS 
concentrations. These large PEDOT:PSS particles could be detrimental in 
preparation of high quality PU/PEDOT:PSS composite formulations for fibre 
spinning purposes and might have negative effects on properties of final 
PU/PEDOT:PSS composite fibres. The effects of PEDOT:PSS particle sizes on 
spinnability of PU/PEDOT:PSS composite formulations and properties of final fibres 
will be discussed later in this chapter. It is noteworthy that for all solvents (even THF 
with less stable dispersion), when PU was added to the PEDOT:PSS dispersions to 
achieve composite formulations, homogeneous PU/PEDOT:PSS dispersions were 
resulted which were stable for months after preparation. This could be attributed to 
formation of PU layer around PEDOT:PSS particles which results in higher stability 








Figure ‎4.2 a) Z-Average diameter and b) particle size distribution of PEDOT:PSS 
particles in DMSO at different concentrations (the line on (a) represents the best fit 
using a power-law relationship) 
 
In has been reported that the conductivity of PEDOT:PSS is significantly 
influenced by addition of a secondary solvent to water or after solvent-treatment.
30–32
 
Therefore, it was speculated that the various organic solvent to disperse PEDOT:PSS 
will result in different electrical conductivities. The solvent of choice for preparing 
PU/PEDOT:PSS composite formulations will be the one which will exhibit the high 
conductivity. In order to investigate the effect of solvent on conductivity of 
PEDOT:PSS, drop-cast films were prepared from dispersions (20 mg mL
-1



















































and different organic solvents. Cast PEDOT:PSS films were also treated with 
ethylene glycol (EG) and polyethylene glycol (PEG) which have shown before to 
boost the conductivity of PEDOT:PSS films.
33
 Figure ‎4.3 shows electrical 
conductivity of pristine and treated PEDOT:PSS films cast from different solvents. 
While PEDOT:PSS drop-cast film obtained from its dispersion in water without any 
further treatments had the lowest conductivity (0.8 ± 0.1 S cm
-1
), pristine film cast 
from PEDOT:PSS dispersion in DMSO showed the highest electrical conductivity 
(160 ± 5 S cm
-1
). PEDOT:PSS dispersions in DMF and THF resulted in drop-cast 
films with conductivities of 18.5 ± 1.4 and 50.5 ± 2.4 S cm
-1
 respectively. EG- and 
PEG-treatments enhanced conductivity of the PEDOT:PSS films. The level of 
enhancement varied depending on the solvent used in dispersing PEDOT:PSS with 
the film obtained from water dispersion showing the most conductivity enhancement 
(~300-fold for EG-treatment).  Further, EG-treatment of PEDOT:PSS drop-cast film 
resulted in higher conductivity boost. This observation was in agreement with the 
previous report.
33
 Treatment of PEDOT:PSS cast from the DMSO dispersion led to 
only marginal improvement in the conductivity of the film (less than 40%). This was 
due to the high conductivity of the original PEDOT:PSS film obtained from the 
DMSO dispersion. 
The observed increase in conductivity of the PEDOT:PSS film when exposed to 
a different solvent after casting from the dispersion in water has been attributed to 
reduction in Coulomb interaction between the two polymer chains (PEDOT and PSS) 
due to conformational changes from coil to an expanded or linear conformation. 
These conformational changes, which are accompanied by phase separation of PSS 
chains from PEDOT, facilitate charge delocalisation along PEDOT backbone and 
thereby influence the inter- and intra-chain charge carrier transport processes 








Figure ‎4.3 Conductivity of pristine, EG-, and PEG-treated PEDOT:PSS drop-cast 
films obtained from dispersions in different solvents 
 
As discussed above, when the PEDOT:PSS dispersions were cast into films, the 
highest conductivity was achieved from the DMSO dispersion (without further 
treatments). This high electrical conductivity in combination with the low particle 
size, and high stability of the dispersion has led to the selection of DMSO as the best 
solvent for PU/PEDOT:PSS composite fibre formation. 
4.3.2 Effect of solvent/non-solvent system on PU/PEDOT:PSS fibres formation and 
electrical conductivity 
Wet-spinning of pure PEDOT:PSS dispersion  in water into a coagulation bath of 
isopropanol has been reported recently.
8
 However, attempts to wet-spin 
PU/PEDOT:PSS dispersions in DMF, DMSO, or THF into coagulation baths of 
isopropanol or ethanol were not successful. Bead formation attributed to slow 
coagulation was noted at the tip of the spinneret and fibre production was impeded. 
In was shown in Chapter 3 that it is possible to produce PU fibres using a range of 
solvent/non-solvent compositions. Similarly PU/PEDOT:PSS may be produced using 
similar solvent/non-solvent systems. While the use of water as a coagulation bath 
(horizontal setup) successfully resulted in continuous PU/PEDOT:PSS fibre 



































coagulated PU/PEDOT:PSS fibres by optical microscopy (Figure ‎4.4) revealed that 
phase segregation occurred, resulting in insulating fibres. 
 
 
Figure ‎4.4 An optical image showing phase segregation of PU and PEDOT:PSS as a 
result of coagulation in water 
 
When IPA was used as the coagulation bath (vertical setup) PU/PEDOT:PSS 
fibres were continuously produced from the DMF and THF dispersions. No fibre 
formation was observed from the PU/PEDOT:PSS dispersion in DMSO with 
coagulation bath of IPA. Using IPA/water mixtures (50/50 and 80/20 v/v) as non-
solvent for coagulation of PU/PEDOT:PSS formulation in DMSO, this effect was 
modulated and fibres that were produced showed no signs of phase segregations 
between PU and PEDOT:PSS. PU/PEDOT:PSS fibre formation was also possible in 
the presence of the secondary solvent (PEG) in the spinning formulation. 
Conductivity of PU/PEDOT:PSS fibres wet-spun using different solvent/non-
solvent systems were measured and listed in Table ‎1.2. PU/PEDOT:PSS fibres 
obtained from DMSO dispersions showed the highest conductivities, a finding 
consistent with the cast films. The best conductivity (9.39 ± 0.42 S cm
-1
) was 
achieved when IPA/water (80/20 v/v) composition was used in the vertical 
coagulation bath for wet-spinning of PU/PEDOT:PSS (13.0 wt. %) dispersion in 




enhancement in the conductivity of PU/PEDOT:PSS fibre produced from the DMF 
dispersion, however, the conductivity of the final fibre at 16.7 wt. % of PEDOT:PSS 
was still less than one fourth of the conductivity of PU/PEDOT:PSS fibre obtained 
from the DMSO dispersion at a lower 13.0 wt. % PEDOT:PSS loading. This 
observation was consistent with the conductivity of drop-cast films obtained from the 
pure PEDOT:PSS dispersions in different solvents (Section  4.3.1). Therefore, DMSO 
and IPA/water (80/20, v/v) were respectively selected as the most suitable solvent 
and non-solvent for wet-spinning of PU/PEDOT:PSS fibres with the highest 
conductivities and will be investigated further in this chapter. From this point 
forward, PU/PEDOT:PSS fibres are produced from the DMSO dispersions using 
IPA/water (80/20, v/v) as the non-solvent composition in a vertical coagulation bath 
(flow rate 5 mL h
-1
), unless otherwise mentioned. 
 
























50 5 9.1 DMF - EtOH (H) 0.5 0.06±0.02 
50 5 9.1 DMF - EtOH (V) 0.1-10 No fibre 
50 10 16.7 DMF - Water (H) 0.1-10 No fibre 
50 10 16.7 DMF - EtOH (H) 0.5 1.41±0.37 
50 10 16.7 DMF - IPA (V) 5 0.55±0.10 
50 10 16.7 DMF 10 EtOH (H) 0.5 1.75±0.53 
50 10 16.7 DMF 10 IPA (V) 5 2.29±0.10 
50 15 23.1 DMF - EtOH (H) 0.5 3.64±1.08 
50 15 23.1 DMF - IPA (V) 5 3.12±0.59 
30 10 25.0 DMF - EtOH (H) 0.1-10 No Fibre 
30 10 25.0 DMF - IPA (V) 5 7.45±0.72 
20 10 33.3 DMF - EtOH (H) 0.1-10 No fibre 
20 10 33.3 DMF - IPA (V) 0.1-10 No fibre 
50 10 16.7 THF - EtOH (H) 0.5 5.39±0.71 
50 10 16.7 THF - IPA (V) 5 3.61±0.21 
50 10 16.7 DMSO - IPA (V) 0.1-10 No Fibre 
50 7.5 13.0 DMSO - 
IPA/Water 
(50/50 v/v, V) 
5 7.39±0.54 
50 7.5 13.0 DMSO - 
IPA/Water 






4.3.3 Systematic study of the effect of PEDOT:PSS loading 
A systematic study was performed to investigate the effect of PEDOT:PSS loading 
on spinnability and properties of PU/PEDOT:PSS fibres. As mentioned in Chapter 3, 
pure PU was spinnable over a broad range of concentrations (from 30 to 250 mg mL
-
1
), with concentrations above 50 mg mL
-1
 resulting in the most uniform and 
reproducible PU fibre formation. For this reason, the final PU concentration 
employed in the PU/PEDOT:PSS composite formulations, was held at 50 mg mL
-1
 to 
achieve high PEDOT:PSS loadings (up to 16.7 wt. %) maintaining the consistent 
spinnability between samples for different PEDOT:PSS loadings. The preparation 
and properties of composite fibres with PEDOT:PSS loadings above 16.7 wt. % (up 
to 33 wt. %) were also investigated by incrementally decreasing the final PU 
concentration in the composite formulation from 50 to 20 mg mL
-1
. Table ‎4.2 lists 
the concentrations of PU and PEDOT:PSS at different loadings in the systematic 
study. 
 
Table ‎4.2 Concentration of PU solutions and PEDOT:PSS dispersions in DMSO and 
PEDOT:PSS contents in the spinning solutions used in the systematic study 
Sample 
No. 
























1 50 0.0 - 50 0.0 0.0 
2 100 2.0 1:1 50 1.0 2.0 
3 100 3.0 1:1 50 1.5 2.9 
4 100 5.0 1:1 50 2.5 4.8 
5 100  10.0 1:1 50  5.0 9.1 
6 100 15.0 1:1 50 7.5 13.0 
7 150 or 100 15.0 or 20.0 2:1 or 1:1 50 10.0 16.7 
8 120 15.0 2:1 40 10.0 20.0 
9 90 15.0 2:1 30 10.0 25.0 






PU/PEDOT:PSS spinning formulations in DMSO with various PEDOT:PSS 
loadings were prepared according to the systematic study. By using stock 
PEDOT:PSS dispersions of up to 15 mg mL
-1
, spinning formulations with 
PEDOT:PSS concentrations of up to 10 mg mL
-1
 were achieved resulting in the 
maximum PEDOT:PSS loading of 33.3 wt. % with respect to PU. The rheological 
behaviour of the PU/PEDOT:PSS spinning formulations at different loadings of 
PEDOT:PSS were studied by an ascending flow test in which shear rate was swept 
from 0.01 to 400 s
-1
. Figure ‎4.5 shows the viscosity vs. shear rate for different 
PU/PEDOT:PSS spinning formulations. The higher loading of PEDOT:PSS in the 
PU (at the same PU concentration) resulted in a higher viscosity of PU/PEDOT:PSS 
spinning formulation. Regardless of increasing PEDOT:PSS loading, viscosity of 
PU/PEDOT:PSS decreased when a lower concentration of PU was used (solutions 
No. 7 – 10). In Chapter 3, it was found that PU solutions with viscosities in the range 
of 0.005 – 2 Pa s (at the shear rate applied during injection) presented very good 
spinnability. Shear rate was calculated as 370 s
-1
 at constant flow rate of 5 mL h
-1
 
used in this study. Viscosities of more than 0.02 Pa s were measured for PU and 
PU/PEDOT:PSS dispersions No. 1 – 10 at the shear rate of 370 s
-1
 suggesting the 
suitability of all spinning formulations for wet-spinning. 
In the next step, the spinnability of the PU/PEDOT:PSS formulation in a 
coagulation bath of 80/20 IPA/water was investigated. Composite spinning 
formulations with PU concentrations of 30 mg mL
-1
 and higher remained spinnable 
and produced continuous fibres regardless of the loading of PEDOT:PSS. However, 
solution No. 10 with a PU concentration of 20 mg mL
-1
 loaded with 33.3 wt. % 
PEDOT:PSS did not produce a continuous fibre. The same effect had been observed 
for pure PU solution with concentration of 20 mg mL
-1
 (Chapter 3) where fibre 
production was impeded due to the low viscosity of the solution. Therefore, 
increasing the viscosity (0.03 Pa s at shear rate of 370 s
-1
) of the solution to the 
spinning region, as a result of loading of 33.3 wt. % PEDOT:PSS, did not help 
achieving a spinnable formulation. This is the result of non-spinnability of 
PEDOT:PSS dispersion in DMSO and suggests the requirement of a minimum PU 
concentration (30 mg mL
-1






Figure ‎4.5 Viscosity vs. shear rate for PU/PEDOT:PSS spinning formulations in 
DMSO at different concentrations 
 
Further, the effect of particle size of PEDOT:PSS in the DMSO dispersion on the 
spinnability of PU/PEDOT:PSS formulations was studied. It was shown earlier in 
this chapter that the particle size of PEDOT:PSS in the dispersion increased with 
concentration (Figure ‎4.4). Using two PEDOT:PSS dispersions of different 
concentrations (15 or 20 mg mL
-1
), PU/PEDOT:PSS fibres with the same loading of 
PEDOT:PSS (16.7 wt. %) were prepared (No. 7 in Table ‎4.2). Despite the larger 
particle sizes of the PEDOT:PSS dispersion at higher concentrations, there was no 
effect on the spinnability of the resulting composite formulation suggesting that 
optimal wet-spinning conditions were achieved. 
4.3.4 Effect of PEDOT:PSS loading on morphology of PU/PEDOT:PSS fibres 
The fabrication of PU/PEDOT:PSS fibres was continuous and uniform fibres were 
obtained at all spinnable formulations (0 – 25.0 wt. %). Figure ‎4.6 shows a typical 
PU/PEDOT:PSS fibre (13.0 wt. % PEDOT:PSS) on a winder produced by the wet-
spinning approach. Continuous fabrication of PU/PEDOT:PSS fibres will enable the 
integration of the fibres into textiles by conventional weaving, knitting, or braiding 
techniques. The SEM micrographs of the wet-spun PU fibre (No. 1) and 
PU/PEDOT:PSS fibres are shown in Figure ‎3.4. The morphology of the fibres 




















PU/PEDOT:PSS 2.0 wt. % (No. 2)
PU/PEDOT:PSS 2.9 wt. % (No. 3)
PU/PEDOT:PSS 4.8 wt. % (No. 4)
PU/PEDOT:PSS 9.1 wt. % (No. 5)
PU/PEDOT:PSS 13.0 wt. % (No. 6)
PU/PEDOT:PSS 16.7 wt. % (No. 7)
PU/PEDOT:PSS 20.0 wt. % (No. 8)
PU/PEDOT:PSS 25.0 wt. % (No. 9)




sections in PU/PEDOT:PSS fibres at PEDOT:PSS loadings higher than 13.0 wt. %, 
shown in Figure ‎3.4a. It can also be seen that PEDOT:PSS had been well distributed 
within the PU host resulting in a homogeneous PU/PEDOT:PSS fibre (Figure ‎3.4i–
j). This stems from the high quality of PU/PEDOT:PSS spinning formulations 




Figure ‎4.6 Wet-spun PU/PEDOT:PSS fibre with 13.0 wt. % PEDOT:PSS (No.6) 
 
As discussed in Chapter 3, in wet spinning the morphology of a wet-spun fibre, 
i.e. cross-section of the fibre, depends on the coagulation rate which is often 
determined by the mass transfer rate difference between solvent and non-solvent.
35
 
Due to the fast coagulation of PU, the surface of the jet solidifies quickly resulting in 
a formation of solid skin around a relatively viscous core. When the trapped solvent 
leaves the jet, the fibre collapses resulting in a non-circular cross-section in the PU 
fibre. However, for the PU/PEDOT:PSS fibres, the  presence of PEDOT:PSS, which 
solidifies at a slower rate allows more time for the solvent to leave the jet, decreasing 
the coagulation rate which favours formation of the circular cross-sections in the 
final fibre. The higher the PEDOT:PSS loading in PU, the lower the coagulation rate 




The average PU/PEDOT:PSS fibre diameter obtained from solutions with PU 
concentration of 50 mg mL
-1
 (samples No. 1-7) remained constant at 80 – 85 µm 
regardless of PEDOT:PSS loadings. However, more uniform diameters along the 
length of the fibre were observed at higher PEDOT:PSS loadings. This resulted from 
a combination of a slower coagulation rate as well as higher spinnability due to an 
increased viscosity of the spinning solution (Figure ‎4.5). the diameter of 
PU/PEDOT:PSS fibres decreased for samples No. 8 and 9 where lower 
concentrations of PU were used. The diameter of PU/PEDOT:PSS fibres at different 





Figure ‎4.7 SEM micrographs of fibres wet-spun from PU/PEDOT:PSS dispersions 
in DMSO into a coagulation bath of IPA/water (80/20 v/v): a) pure PU fibre (No. 1),  
b–h) PU/PEDOT:PSS fibres with PEDOT:PSS loadings of b) 2.9 wt. % (No. 3), c) 
4.8 wt. % (No. 4), d) 9.1 wt. % (No. 5), e) 13.0 wt. % (No. 6), f) 16.7 wt. % (No. 7), 
g) 20.0 wt. % (No. 8), h) 25.0 wt. % (No. 9), i) higher magnification of (a), and j) 









4.3.5 Electrical conductivity of PU/PEDOT:PSS fibres 
The effect of PEDOT:PSS loading on the electrical conductivity of the 
PU/PEDOT:PSS composite fibres was investigated (Figure ‎4.8). It was observed 
that the onset of conductivity for PU/PEDOT:PSS fibres occurred at ~2.9 wt. % 
PEDOT:PSS loading whereby the conductivity of the fibre was 0.07 ± 0.01 S cm
-1
.  
Above this loading, the fibre conductivity increased monotonically with PEDOT:PSS 
content with the highest conductivity of 25.0 ± 2.0 S cm
-1
 achieved at 25 wt. % 
PEDOT:PSS. Composite fibres could not be produced above this PEDOT:PSS 
loading due to the limited spinnability of PU/PEDOT:PSS formulations at very low 
PU concentrations. 
The experimental data for conductivity of PU/PEDOT:PSS fibres fit very well 
(R
2
 = 0.998) with percolation theory described by equation 4.1. According to this 
equation, above the percolation threshold (  ), the conductivity ( ) increases 
significantly with filler content.     is the proportionality coefficient and   is a critical 
exponent that depends on the geometry of the network.
36
 A minimum loading of 
conducting filler to an insulating host is needed to create conducting paths or 
networks to achieve a conductive composite material. At the filler loadings below the 
percolation threshold, no conducting paths (networks) can be established as the 
average distance between conductive filler particles is large and therefore charge 
carrier transport cannot occur. By increasing the filler loading, the average distance 
between filler particles decreases and below a certain threshold, charge carrier 
transport can occur via electrical field assisted tunnelling or hopping between 
neighbouring fillers. A further increase in filler loading brings particles in contact 





     (    )
  ( 4.1) 
 
In using equation  3.1, the reported densities of PU and PEDOT:PSS
38 
of 1.2 g 
cm
-3
 were used to estimate the volume fraction ( ) for each PEDOT:PSS loading. A 
percolation threshold of 2.4 wt. % PEDOT:PSS  (equivalent to     0.024) was 
derived from the fit which was in close agreement with the loading at which the 




equation 4.1, the proportionality coefficient (  ) and the critical exponent t were 
measured as 166 S cm
-1
 and 1.27, respectively. This t value was very close to the 
theoretical value reported for two dimensional networks (1.33).
36
 Higher values of   
were related to greater tunnelling barriers between the fillers leading to lower 
maximum composite conductivities.
39
 Therefore, the observed lower value of   in 
this work suggests the production of highly conductive composites as a result of low 
charge transfer barriers between PEDOT:PSS particles inside the PU host. 
 
 
Figure ‎4.8 Conductivity of PU/PEDOT:PSS fibres at different PEDOT:PSS loadings 
(the line on data indicates the best fit obtained using percolation theory) 
 
In most polymer composite systems, the conductive filler particles inside the host 
are coated with a layer of polymer. This coating often diminishes the efficiency of 
charge transfer between the nearby conductive particles thereby resulting in a 
composite material with low electrical conductivity. A measure of the intrinsic 
conductivity of the filler in a percolative network can be obtained by the 
proportionality coefficient (  ), which was found to be 166 S cm
-1
 in this study. It 
should be noted that this value was very close to the conductivity of pristine 
PEDOT:PSS film (160 ± 5 S cm
-1
) suggesting the homogeneous dispersion of the 
PEDOT:PSS fillers in the PU host.    reported in the literature for other conductive 
composites are significantly lower. For example,    was measured as 0.40 S cm
-1
 for 
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polyvinyl alcohol (PVA)/carbon nanodisks composite,
[35]
 as 0.21  S cm
-1
 for 
PVA/multi-wall carbon nanotubes system,
[35]
 and as 0.79 S cm
-1
 for vinyl 
ester/carbon composite fibres.
[36]
 SIBS/P3HT conductive elastomeric composite 
fibres
[28]
 showed    of 0.33 S cm
-1
 (calculated from conductivity data reported in the 
study). To the best of author’s knowledge, the value of    (166.0 S cm
-1
) obtained in 
this study is the highest value for conductive elastomeric composites (less than 0.33 
S cm
-1
) and among the highest values reported in the literature for insulating 
polymer/organic conductor composite systems (typically less than 1 S cm
-1
) with 





Although experimentally impossible to produce pristine PEDOT:PSS fibres from 
DMSO dispersions, using the estimated values of   ,  , and    from 
PU/PEDOT:PSS fibres, conductivity of pristine PEDOT:PSS fibre for DMSO system 
was empirically estimated from the equation 4.1 to be 161 S cm
-1
 which is in a very 
good agreement with the conductivity of PEDOT:PSS film cast from DMSO (160 ± 
5 S cm
-1
). This is another justification that PEDOT:PSS particles are in good contact 
inside the PU host and that full potential of PEDOT:PSS as the conductive filler has 
been reached. 
4.3.6 Mechanical properties of PU/PEDOT:PSS fibres 
Mechanical properties of PU/PEDOT:PSS fibres obtained from the DMSO 
dispersions were investigated at different loadings of PEDOT:PSS. Three series of 
mechanical properties tests, namely tensile test, elastic recovery test, and cyclic test, 
were performed and the effect of PEDOT:PSS particle size on tensile properties of 
PU/PEDOT:PSS at one loading was studied. 
4.3.6.1 Tensile test 
Shown in Figure ‎4.9 are stress-strain curves for tensile tests on pure PU and 
PU/PEDOT:PSS composite fibres at different loadings of PEDOT:PSS. It can be 
seen that PU/PEDOT:PSS fibres display tensile behaviours similar to PU reminiscent 
of a filled elastomer (discussed in Chapter 3). The initial stiff behaviour was 
followed by a compliant deformation that extends to high strains and finally, by a 
stress amplification before fracture. It can also be observed that compared to the pure 
PU fibre, the composite fibres exhibit higher Young’s modulus and higher yield 






Figure ‎4.9 Stress-strain curves for tensile tests on PU and PU/PEDOT:PSS fibres at 
different loadings of PEDOT:PSS 
 
As described earlier in the thesis, in PUs the soft segments provide high 
elongation while hard segments impart stiffness to the PU. Loading of PEDOT:PSS 
to PU increases the rigid component content thereby increasing the stiffness and 
yield stress. However, this addition also influences the structural heterogeneity of the 
resulting composite and affects the strain-induced crystallization process in the soft 
segments (at high elongations). These structural changes in the composite fibres 
could explain the observed decrease in both elongation at break and tensile strength. 
It is also possible that the interaction between PU and PEDOT:PSS is weak and 
result in significant  morphological changes under load and cause early failure of the 
composite. 
In order to discuss the effect of PEDOT:PSS loading on tensile properties of 
PU/PEDOT:PSS fibres, values of Young’s modulus, yield stress (stress at 5 % 
strain), tensile strength, elongation at break, and toughness were calculated based on 
the stress-strain curves and depicted in Figure ‎3.6. 
 





















PU/PEDOT:PSS 2.0 wt. % (No. 2)
PU/PEDOT:PSS 2.9 wt. % (No. 3)
PU/PEDOT:PSS 4.8 wt. % (No. 4)
PU/PEDOT:PSS 9.1 wt. % (No. 5)
PU/PEDOT:PSS 13.0 wt. % (No. 6)
PU/PEDOT:PSS 16.7 wt. % (No. 7)
PU/PEDOT:PSS 20.0 wt. % (No. 8)





Figure ‎4.10 Effect of PEDOT:PSS loading on tensile properties PU fibres: a) 
Young’s modulus, b) yield stress (stress at 5 % strain), c) toughness, d) tensile 
strength, and e) elongation at break 
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It can be observed from Figure ‎3.6a that the Young’s modulus of the composite 
fibres increased exponentially with PEDOT:PSS loading from 7.2 ± 0.7 MPa (for 
pure PU) to 247 ± 30 MPa (for the composite fibre with PEDOT:PSS content of 25 
wt. %). It is important to note that the high PEDOT:PSS loading (above 16.7 wt. %) 
was achieved by decreasing the PU concentration in the spinning solution (see 
secondary x-axis), which resulted in a significant increase in Young’s modulus. This 
increase is translated to more than a 30-fold reinforcement in the modulus. Different 
reinforcement models including the Voigt (rule of mixture upper-bound),
41
 Reuss 
(rule of mixture lower-bound),
42







 were fitted to the experimental data for Young’s modulus of 
PU/PEDOT:PSS fibres at different loadings. It was found that the data fits very well 
with Mooney’s equation (equation  4.2). This model has been employed for 
elucidating the reinforcement of fillers with relatively low stiffness and rigidity in a 
soft matrix.
46–49
 According to this model, the Young’s modulus of a composite (  ) 
at a volume fraction of filler ( ) can be described by: 
 
         (
   
    
) ( 4.2) 
 
where    is the Young’s modulus of the polymer,    is the Einstein coefficient, 
which is a function of the interaction between the filler and the matrix as well as the 
aspect ratio of the filler, and s is the crowding factor defined by the ratio of occupied 
volume/true volume of the filler and varies between 1.35 and 1.91. A crowding 
factor closer to 1.91 means that the particle size of the filler is small and the fillers 
are homogeneously dispersed within the matrix.
46
 By fitting the experimental data 
for Young’s modulus in Figure ‎3.6a with the Mooney’s equation (   of 7.19 MPa as 
for the pure PU fibre), s was calculated as 1.85 suggesting that the small sizes of 
PEDOT:PSS particles in the spinning formulations are retained in the fibre 
composites and they also remained uniformly dispersed within the PU matrix after 
the fibre spinning process. These results are corroborated by the SEM observations 
and PEDOT:PSS particle size measurements.    was measured to be 7.61. In well-
dispersed systems,    has been reported to be 2.5 for spherical fillers
46,50
 and higher 
for fillers with higher aspect ratios, e.g. 40 in clay nanocomposites.
48








Yield stress (calculated as stress at 5 % strain) was found to linearly increase 
with PEDOT:PSS loading. Almost 20-fold increase was observed for the highest 
PEDOT:PSS loading of  25 wt. % (9.1 ± 0.5 MPa for the composite fibre compared 
to 0.5 ± 0.1 MPa for the pure PU fibre, Figure ‎3.6b). 
Unlike Young’s modulus and yield stress, the PU/PEDOT:PSS composite fibres’ 
toughness, tensile strength, and elongation at break remained relatively unchanged 
(in respect to the pure PU fibre) up to a PEDOT:PSS loading of 9.1 wt. % 
(Figure ‎3.6c – e). Toughness of 61.6 ± 2.4 MJ m
-3
, tensile strength of 45.6 ± 1.5 
MPa, and elongation at break of 420 ± 12 % were measured for PU/PEDOT:PSS 
fibre at the loading of 9.1 wt. % compared to toughness, tensile strength, and 
elongation at break of 79.6 ± 13.3 MJ m
-3
, 66.7 ± 8.6 MPa, and 472 ± 27 % 
respectively for pristine PU fibre. Above this loading, the latter mechanical 
properties started to decrease resulting in toughness of 25.1 ± 2.9 MJ m
-3
, tensile 
strength of 11.6 ± 0.7 MPa, and elongation at break of 259 ± 29 % at the 
PEDOT:PSS loading of 16.7 wt. %. Also, contrasting the positive effect in Young’s 
modulus and yield stress, when the PU concentration decreased in the spinning 
formulation to attain the highest PEDOT:PSS loading, the fibres’ tensile strength, 
elongation at break and toughness dropped even further to 0.7 ± 0.1 MJ m
-3
, 9.8 ± 0.3 
MPa, and 9 ± 1 % at the loading of 25 wt. %. Data for tensile test on 
PU/PEDOT:PSS fibres at different loadings are given in Table A.2. 
The increase in Young’s modulus and yield stress and the decrease in tensile 
strength, elongation at break and toughness with addition of a filler are common 
behaviours of filled elastomers. Similar behaviour was observed in other reinforced 
elastomeric composites, such as silica reinforced PU.
52
 Reinforcement in Young’s 
modulus and yield stress occurs in PU/PEDOT:PSS fibres as a result of 
hydrodynamic effect
53,54
 with PEDOT:PSS being the more rigid component, as well 
as the physical and mechanical interactions
53
 between PEDOT:PSS and PU. These 
interactions, however, are not strong enough to withstand high loads and fail at low 
strains, not contributing in stress reinforcement at high elongations. It is also likely 




the addition of PEDOT:PSS network resulting in the lower tensile strength and 
elongation at break in the PU/PEDOT:PSS fibres. 
4.3.6.2 Elastic recovery test 
To investigate the effect of PEDOT:PSS loading on the elastic properties of the 
PU/PEDOT:PSS fibres, elastic recovery tests were carried out in which fibres were 
incrementally stretched from 50 to 400 % and relaxed. Figure ‎4.11 compares the 
elastic recovery behaviour of pure PU fibre (No. 1) and a typical PU/PEDOT:PSS 
composite fibre (No. 6). As is seen, PU/PEDOT:PSS fibres exhibit elastic recovery 
behaviour similar to that of PU, however with some minor differences. Difference in 
loading and unloading paths of the stress-strain curves suggests the hysteresis in 
PU/PEDOT:PSS fibres which increased at higher loading of PEDOT:PSS. Stress 
softening and permanent set were also observed in PU/PEDOT:PSS fibres which also 
increased by addition of more PEDOT:PSS. 
 
 
Figure ‎4.11 Stress-strain curves for elastic recovery tests on PU fibre (No. 1) and 
































Elastic recovery, defined as the relative difference of applied strain and 
permanent set, was calculated for each loading-unloading cycle and used as a 
measure of permanent set. Since the elongation at break for PU/PEDOT:PSS fibres 
with loadings of 20.0 wt. % and more (samples No. 8 and No. 9) was lower than 50 
%, the elastic recovery could not be measured for these conditions. Elastic recovery 
of PU/PEDOT:PSS fibres decreased (permanent set increased) with PEDOT:PSS 
loading (Figure ‎4.12a). For instance, a decrease in elastic recovery at applied strain 
of 50 % from 94.0 ± 0.3 % to 62.3 ± 1.6 % was observed when PU was loaded with 
16.7 wt. % PEDOT:PSS. Furthermore, similar to the PU fibre, the elastic recovery of 
the composite fibres decreased with increasing applied strain when PEDOT:PSS 
loading was less than 4.8 wt. % (Figure ‎4.12b). After this loading, however, the 
trend has changed and the elastic recovery initially increased with applied strain 
before eventually falling. The initial rise in elastic recovery (with applied strain) was 
further accentuated by PEDOT:PSS loading whereby at above 13.0 wt. %, elastic 
recovery increased monotonically with strain. For example, at loading of 16.7 wt. %, 
elastic recovery of PU/PEDOT:PSS fibre increased from 65.8 ± 0.5 % to 72.8 ± 2.1 
% when the applied strain increased from 50 % to 300 %. Values of elastic recovery 
for PU/PEDOT:PSS fibres at various loadings of PEDOT:PSS under different 











Figure ‎4.12 Elastic recovery of PU/PEDOT:PSS fibres a) as a function of 
PEDOT:PSS loading, b) as a function of applied strains 
 
As discussed in details in Chapter 3, in pure PU fibre, hysteresis occurs as a 
result of loss of fibrillar and lamellar orientation,
55
 irreversible deformation and 
permanent breakup of PU chains during loading,
55–57
 and slippage of the chains in 
hard segment domains.
58
 Stress softening is attributed to breakage and partial 
reconstruction of hard segment domains by formation of new cross-links between 
polymer chains.
59,60
 Permanent set, which is the result of plastic deformation, is also 
caused by broken or damaged hard segment domains.
61
 In PU/PEDOT:PSS fibres, 
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at the interface. Therefore, it might not be possible for the weak van der Waals 
forces, which hold the PEDOT:PSS particles in PU, to completely reform during 
unloading and as result stress softening and hysteresis of the composite system 
increases.
54,60
 Furthermore, some PEDOT:PSS filler structures break down under the 
application of strain which do not recover after removal of load, causing a higher 
permanent set (lower elastic recovery) of the PU/PEDOT:PSS fibres. Therefore, 
these broken filler structures will no longer contribute to the strength of the 
composite elastomeric fibre during unloading (or in successive cycles) resulting in an 
increase in hysteresis and stress softening. These effects are more pronounced at 
higher loadings of PEDOT:PSS. At higher loading, more PEDOT:PSS structures will 
fail under strain. As a result, elastic recovery in PU/PEDOT:PSS fibres decreases 
with PEDOT:PSS loading. Application of a higher strain results in more breakdown 
of the PU hard segment domains which accounts for the decrease in elastic recovery 
at higher strains. PEDOT:PSS filler structures, on the other hand, cannot withstand 
high loadings and fail at low strains. This is the reason why elastic recovery of 
PU/PEDOT:PSS fibres at high loadings increases by strain. As a result of these 
opposing trends, the difference between the elastic recovery of PU/PEDOT:PSS and 
that of the PU fibre decreased with increasing applied strain. 
4.3.6.3 Cyclic test 
A cyclic test was also performed on PU/PEDOT:PSS fibres where fibres were 
stretched to 50 %, 100 %, and 200 % for ten cycles at each strain with 30 seconds 
hold period after each step. The stress-strain curve for a typical PU/PEDOT:PSS 
fibre (No. 6) is shown in Figure ‎4.13. A drop in Young’s modulus was observed 
from the first to the last cycle with the amount of the reduction being significantly 
higher between the first and second cycles. Hysteresis and stress softening also 
decreased as the number of cycles increased; most hysteresis and stress softening 
occurred in the first cycle. Larger hysteresis and stress softening were observed at 
higher strains suggesting their dependency on strain history. It was also observed that 
permanent set occurred mostly in the first cycle and it changed insignificantly in the 
succeeding cycles. Furthermore, the unloading curves remained identical at different 
cycles of the same strain. These observations were in agreement with previous 
reports on the cyclic behaviour of pure PU
62
 as well as for filled elastomers.
63
 




networks as well as permanent deformation of hard segment domains of PU, are 
responsible for such behaviours. A decrease in stress was also observed during the 
strain hold period in loading which was due to the stress relaxation of PU polymeric 
chains. Similar behaviour was reported for pristine PU.
62
 Free chains, dangling chain 
ends, and chains with deficient connectivity to the main load bearing network are 
considered to be responsible for such a time dependent behaviour in the 






Figure ‎4.13 Stress-strain curves for a cyclic test on PU/PEDOT:PSS fibre at 
PEDOT:PSS loading of 13.0 wt. % (No. 6) 
 
4.3.6.4 Effect of PEDOT:PSS particle size 
The effect of PEDOT:PSS particle sizes on mechanical properties of 
PU/PEDOT:PSS fibres was studied by preparing two spinning solutions with the 
same concentrations of components made from different PEDOT:PSS dispersions 
with concentrations of 15 and 20 mg mL
-1
. As discussed earlier, PEDOT:PSS 
dispersions show higher particle sizes at higher concentrations (Figure ‎4.2). 
PU/PEDOT:PSS spinning formulations were prepared by mixing the two 
PEDOT:PSS dispersions (20 or 15 mg mL
-1
) with PU at appropriate ratios (1:1 or 
2:1) to obtain 16.7 wt. % loading for PEDOT:PSS (No. 7 in Table ‎4.2) keeping the 



















concentration of PU in the final formulations the same (50 mg mL
-1
). Wet-spinning 
of the formulation made from 15 mg mL
-1
 dispersion of PEDOT:PSS (lower particle 
size) had a Young’s modulus of 24.88 ± 2.49 MPa, elongation at break of 259 ± 29 
%, tensile strength of 11.59 ± 0.74 MPa, and toughness of 25.1 ± 2.9 MJ m
-3
. This 
fibre showed superior mechanical properties compared to its counterpart obtained 
from higher PEDOT:PSS dispersion concentration of 20 mg mL
-1
 (higher particle 
size) with a measured Young’s modulus of 24.8 ± 1.9 MPa, elongation at break of 95 
± 23 %, tensile strength of 9.41 ± 0.46 MPa, and toughness of 8.0 ± 1.9 MJ m
-3
. 
As both PU/PEDOT:PSS fibres exhibited similar Young’s moduli, same levels of 
reinforcement were achieved, suggesting an equally uniform distribution of 
PEDOT:PSS and efficient stress transfer at low strains for both systems. This also 
implies that the loading of PEDOT:PSS (hydrodynamic effect) was the major factor 
influencing the Young’s modulus of PU/PEDOT:PSS fibres. However, elongation at 
break, toughness, and tensile strength were significantly affected. This could be due 
to the thwarted strain induced crystallization as a result of mixing PU with the 20 mg 
mL
-1
 PEDOT:PSS dispersion. Translating these observations in terms of particle 
sizes of the dispersions, lower mechanical properties of the PU/PEDOT:PSS fibres 
obtained from the composite prepared from PEDOT:PSS dispersion of 20 mg mL
-1
 
compared to that of 15 mg mL
-1
, can be attributed to the larger particle sizes in the 
former dispersion. Therefore, it can be inferred that spinning formulations prepared 
from higher concentrations of PEDOT:PSS in the dispersion, which contain larger 
particles, will result in lower mechanical properties in the final PU/PEDOT:PSS 
fibre. This suggests that the quality of PEDOT:PSS dispersion has a profound impact 
on mechanical properties of PU/PEDOT:PSS fibres and that the PU/PEDOT:PSS 
spinning formulations used in this study are of high quality. 
4.3.7 Strain sensing properties of PU/PEDOT:PSS fibres 
It is clear from the above discussions that it is possible to achieve composite 
fibres with elastomeric behaviour (from PU) with enhanced stiffness, yield stress and 
electrical conductivity (from PEDOT:PSS). For example, the composite fibre with 
13.0 wt. % PEDOT:PSS loading was electrically conductive (9.4 ± 0.4 S cm
-1
) and 
has Young’s modulus (23.5 ± 2.2 MPa) and yield stress (4.1 ± 0.5 MPa) of higher 
than the pure PU fibre, albeit with slightly lower tensile strength (22.7 ± 3.7 MPa), 
elongation at break (345 ± 15 %), and toughness (39.8 ± 5.3 MJ m
-3




optimal mechanical and electrical properties, this particular fibre was evaluated for 
strain sensing application and for elucidating the mechanism of its electromechanical 
behaviour. 
Strain sensing properties of the selected PU/PEDOT:PSS fibre (No. 6) were 
studied by electromechanical tests i.e. in situ monitoring of the electrical resistance 
during tensile and cyclic tests. It was observed that the electrical resistance of the 
PU/PEDOT:PSS composite fibre No. 6 increased with applied strain up to ~260 % 
after which the fibre became insulating (Figure ‎4.14a). During a cyclic test 
(Figure ‎4.14b), the resistance of the fibre changed according to the magnitude of the 
applied strain and followed a similar pattern at each cycle. However, a shift towards 
higher resistance was observed compared to the preceding cycle. 
There could be envisaged five types of filler particles (PEDOT:PSS) in the 
elastomeric matrix (PU) as follows (schematically illustrated in Figure ‎4.15): 
1. Unbreakable networks that do not break under application of certain 
strain ( ) 
2. Reversible networks that if broken, recreate conductive networks after 
removal of strain ( ) 
3. Irreversible networks that if broken, do not recreate conductive networks 
after removal of strain ( ) 
4. Isolated networks that are unable to form conductive networks ( ) 
5. Debonded networks with the potential to alter the conductivity ( ).65 
 
Interruption, deformation or re-arrangement of conductive filler particle networks 
during the strain and release periods as a result of slippage, debonding and 
reversibility of the networks above will determine the observed resistance of the 






Figure ‎4.14 Resistance change by strain for a PU/PEDOT:PSS fibre with 
PEDOT:PSS loading of 13.0 wt. % (sample No.6) during an electromechanical a) 
tensile test, b) cyclic test at 50 % and 100 % strains for 10 cycles 
 
Figure ‎4.16 shows resistance change by strain for the first two cycles of 
Figure ‎4.14b. Each stretching zone is denoted by a number in this figure. Before 
stretching (Figure ‎4.16, zone 1), the fibre show a resistance of 5.7 kΩ. In this state, 
unbreakable ( ), reversible ( ), and irreversible ( ) networks form continuous 
networks which contribute to conductivity of the composite fibre (see conducting 
paths in Figure ‎4.15a); as a result, the fibre shows a minimum resistance which 
remain constant during unstretched period. As the fibre is stretched in the first cycle 

























































(Figure ‎4.16, zone 2), some conductive networks are lost, due to breakage of 
reversible ( ) and irreversible ( ) networks leading to an increase in resistance; note 
the breakage of these two types in Figure ‎4.15b. During the hold period at strained 
state (Figure ‎4.16, zone 3), some further breakdown of the reversible and irreversible 
networks may occur since stress distribution in the composite could cause fillers to 
slip and re-arrange while polymer chains are being relaxed. When strain is released 
in zone 4 (Figure ‎4.16), reversible ( ) networks come to contact again and establish 
conduction paths (Figure ‎4.15d). As a result, resistance decreases. In zone 5 of 
Figure ‎4.16, fibre is held at zero stress for 30 sec during which creep occurs and 
strain is reduced. Similar to the zone 4, resistance decreases accordingly in this zone. 
Resistance at the end of the first cycle was observed to be higher than that of the 
unstretched fibre. This is due to the irreversible deformation of irreversible ( ) 
networks, shown in Figure ‎4.15d, and therefore reduction of conduction paths. 
When the fibres are re-stretched in the second cycle (Figure ‎4.16, zone 6), 
reversible ( ) particles rupture again and more irreversible ( ) networks break down 
(similar to the first straining cycle). Deformations, however, take place more easily, 
as the previously damaged networks require less energy to break down again. This is 
observed by higher slope of the resistance curve in re-stretching step. However, as 
fibre is stretched, its cross-sectional area decreases bringing some debonded ( ) 
networks in contact. This also causes interactions between different particle types. 
These phenomena are demonstrated in Figure ‎4.15c. As a result, more conduction 
paths are created and a reduction in resistance is observed. This accounts for the 
decrease in resistance observed in the middle of this zone. What is happening in zone 
7 of Figure ‎4.16 (hold period at strained state in second cycle) is similar to zone 3 
where the fibre is held under strain in the first cycle. In zone 8 (Figure ‎4.16), where 
the fibre is relaxed, reformation of conducting paths due to the reconnection of 
reversible particles ( ) shown in Figure ‎4.15d, results in a decrease in resistance. At 
the same time, cross-section area of the fibre increases resulting in breakdown of 
some conductive networks that had been created from debonded networks ( ) and 
interactions of all networks (Figure ‎4.15d). This results in an increase in resistance, 
observed in the middle of this zone. In zone 9 (Figure ‎4.16), similar to the relaxation 






Figure ‎4.15 Schematic illustration of structure re-arrangement of PEDOT:PSS filler 
particles inside the PU host in their a) unstrained state, b) strained state, c) strained 
state interactions, and d) released state. Different particle types are shown in the 
figure ( Unbreakable networks that do not break under application of certain strain, 
 Reversible networks that if broken, recreate conductive networks after removal of 
strain,  Irreversible networks that if broken, do not recreate conductive networks 
after removal of strain,  Isolated networks that are unable to form conductive 
networks, and  Debonded networks with the potential to alter the conductivity). 
 shows existing conductive path,  shows lost previously conductive paths, and









Figure ‎4.16 Resistance change by strain for a PU/PEDOT:PSS fibre with 
PEDOT:PSS loading of 13.0 wt. % (sample No.6) during an electromechanical 
cyclic test under application of 50 % for two cycles (numbers represent the stretching 
zones) 
 
It was observed that the value of the resistance at the end of straining in the 
second cycle was higher than that of the first cycle. This was attributed to the 
breakdown of more reversible networks under application of strain in the second 
cycle. Besides, some of the unbreakable particles ( ) may deform and change to 
other types in the second cycle, thereby failing during stretching. The resistance 
observed after release of strain in the second cycle is also higher than that of the first 
cycle. Apart from the above reasons, it was possible that some reversible networks 
lose their reversibility in the second straining cycle and change to irreversible 
networks causing further reduction of conductive networks resulting in a higher 
resistance observed in the release state of the second cycle. 
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4.3.8 Preliminary biocompatibility studies of PU/PEDOT:PSS fibres 
PU/PEDOT:PSS fibres were tested for their biocompatibility. Figure ‎4.17 shows the 
biocompatibility of the selected PU/PEDOT:PSS fibre by a cytotoxicity assay with 
immunostaining method using human myoblast. Human primary skeletal myoblast 
cells have been seeded on the fibre to investigate the biocompatibility. There was no 
evidence of the release of cytotoxic compounds from the fibres, with cells observed 
to adhere and proliferate both on the glass supporting substrate, and the fibres 
themselves, over several days in cell culture conditions.  Furthermore, cells adhered 
directly on the fibres demonstrated excellent cell spreading behaviour, indicating the 
fibres to present a favourable bio-interface for which the skeletal myoblast cells to 
interact. Interestingly, cells adhered to the fibres demonstrated a polar morphology, 
with cells aligning parallel to the axis of the fibre.  Microscopic analysis of the fibre 
surface illustrated micron scale channels to run along the length of the fibres.  Cells 
are known to respond to topographic cues, and therefore it is likely the cell alignment 
on the fibre surface is in response to the channels present on the fibre surface. 
Therefore, PU/PEDOT:PSS fibres are good candidates for biomedical applications. 
 
 







Spinnable formulations containing biocompatible elastomeric PU and conducting 
PEDOT:PSS were established and conducting elastomeric composite fibres were 
successfully produced from these formulations via a wet spinning method. The effect 
of filler loading upon the conductivity and mechanical properties of PU/PEDOT:PSS 
composite fibres was investigated. A percolation threshold as low as 2.4 wt. % of 
PEDOT:PSS was observed after which conductivity increased monotonically with 
the content of filler up to 25 wt. %. This was attributed to more conduction 
paths/networks being created as a result of more filler particles contacting each other. 
Full potential of PEDOT:PSS as conducting filler in a composite system was 
achieved through maximum PEDOT:PSS particle contacts in PU. With respect to the 
mechanical properties of PU/PEDOT:PSS fibres, a higher PEDOT:PSS content 
resulted in a higher Young’s modulus and yield stress. However, elongation at break, 
tensile strength, toughness, and elastic recovery suffered at high loadings of 
PEDOT:PSS. This suggests a trade-off between electrical conductivity and 
mechanical properties. PU/PEDOT:PSS fibre containing 13.0 wt. % PEDOT:PSS, 
presented high conductivity and reasonably high mechanical and elastic properties. 
This fibre was further investigated for the strain sensing application. Resistance of 
the optimal PU/PEDOT:PSS fibre increased with stretching up to 260 %. Cyclic 
stretching revealed resistance decrease upon unloading. However, there was a 
difference between the value of resistance after unloading and the resistance of the 
stretched fibre. A model was presented for the effect of stretching on electrical 
properties of PU/PEDOT:PSS fibre during the cyclic deformation process in which 
the resistance response was attributed to the interruption, deformation or re-
arrangement of PEDOT:PSS conductive filler particles during the strain, hold, and 
release periods. PU/PEDOT:PSS fibres produced herein provide conducting 
elastomeric fibre platform for potential applications in wearable bionics and 
stretchable electronics. Production of these fibres can easily be scaled up. 
Furthermore, PU/PEDOT:PSS fibres can be knitted and woven in the form of textile 
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5 WET-SPINNING OF LIQUID CRYSTALLINE 
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The integration of nano-size fillers within thermoplastic polymers leads to 







properties rivalling the most advanced materials in nature. Graphene, a two-
dimensional monolayer of sp
2
-hybridised honeycomb carbon atoms
10,11
 with 
exceptional mechanical and electrical properties is an ideal candidate for fabrication 
of high-performance multi-functional polymer nanocomposites.
4–6
 Limited 
dispersability of pristine graphene in common solvents, however, has hindered its 
processability essential for fabrication of polymer nanocomposites.
12
 In order to 
circumvent this problem, graphene oxide (GO)
13–15
 has been produced which 
presents very good dispersability in water
16–18
 and some polar organic solvents.
19–22
 
GO can then be converted to reduced graphene oxide (rGO) via chemical or thermal 
methods to realise electrical conductivity.
23–25
 
Ultra large GO (ULGO) sheets also form lyotropic liquid crystals (LC) in 
water
26–29
 and in organic solvents
21,22
 at sufficiently high concentrations. This is the 
manifestation of exceptionally high aspect ratios (> 10
4
) of ULGO originating from 
the monolayer exfoliation as well as high stability in polar media. LC formation has 
promoted the assembly of ordered GO-based macroscopic assemblies.
12,27,30,31
 The 
best utilisation of the ULGO LC behaviour in fabrication of ordered structures is by 
fibre production.
12,32–41
 ULGO fibres obtained through LC wet-spinning exhibited 
outstanding mechanical properties and high electrical conductivities when reduced. 
The LC feature of ULGO once maintained in a medium of a polymeric host can also 
be utilised to fabricate high performance nanocomposites with outstanding properties 
emanating from the ordered structure induced by ULGO LCs. One area that will 
certainly benefit from this capability is the fabrication of conducting elastomeric 
composite fibres. Production of these fibres has been hindered due to the difficulty in 




formulations require careful selection of the matching solvent, high quality, low 
particle size, and aggregate-free dispersion of the filler inside the elastomeric host at 
high concentrations. Satisfying these requirements does not, however, guarantee the 
enhancement of the elastomer’s properties. Low filler contact due to the thin 
elastomeric coating layer on the conductor can lead to low electrical properties and 
high percolation thresholds.
9,42
 Furthermore, the integration of fillers within an 
elastomeric host, which commonly results in stiffness reinforcement, often 
compromises the elongation at break and toughness of the elastomer resulting from a 
diminished strain induced crystallisation in soft segment domains.
43–46
 Production of 
conducting elastomeric fibres that are also highly stiff, strong, stretchable, and tough 
will broaden the application spectrum of these fibres which already includes 
electronic textiles,
47–49







 and sports injury prevention,
61
 to name a few.  
It is envisaged that such multi-functionality can be achieved by exploiting the 
highly exfoliated, well-dispersed ULGO sheets in an elastomeric polyurethane (PU) 
host to obtain ordered LC structure during fibre spinning process. Multi-functional 
high-performance conducting elastomeric fibres can be used for strain sensing 
applications where the change in electrical response by the application of strain is 
required. Further, these fibres can be woven, knitted, or braided in the form of a 
fabric or incorporated into conventional textiles.  
This chapter reports for the first time on the fabrication of multi-functional 
elastomeric fibres that are not only electrically conducting but also highly stiff, 
strong, stretchable, and tough. The LC formation of ULGO after incorporation in 
PU-containing media was investigated. Spinning formulations were prepared from 
PU and ULGO at different loadings in distinct LC regimes from which PU/ULGO 
composite fibres were fabricated through the wet-spinning scheme. Studies where 
ULGO was partially reduced to rULGO by thermal annealing were also investigated 








5.2.1 Characterisation of ULGO and PU/ULGO dispersions in DMF 
ULGO sheets were observed under a scanning electron microscope (SEM, JEOL 
JSM-7500FA) after being deposited on silanised silicon wafer. Silicon substrates 
were immersed into a solution of 3-aminopropyltriethoxysilane (Sigma–Aldrich) in 
water (1:9 v/v) with an added drop of hydrochloric acid (Sigma–Aldrich) for about 
30 min and then rinsed with deionised water. ULGO sheets were deposited onto 
silanised silicon wafers by dipping in diluted ULGO dispersions (50 µg ml
-1
) for 
about 5 seconds and air-drying the substrates. Lateral ULGO sheet sizes, i.e. 
diameter of equivalent circles, were then determined from at least 250 measurements 
on SEM micrographs using ImageJ
62
 image analysis software. 
Birefringence of ULGO and PU/ULGO dispersions in DMF were investigated 
under crossed-polarisers using a polarising optical microscope (POM, Leica DM EP) 
with 10X objective in bright field transmission-mode. Samples were prepared by 
transferring approximately 200 μL of each dispersion onto a glass slide and confining 
the dispersion with a cover slip and sealing the edges to avoid solvent evaporation. 
Rheological behaviours of PU, ULGO, and PU/ULGO dispersions were studied 
using a rheometer (TA Instruments AR-G2) with a cone-plate geometry (cone angle 
2º, diameter 40 mm, and truncation 55 µm). All rheological tests were performed at 
25 ºC. Since LC domains in ULGO are sensitive to any shear deformation, care was 
taken while loading in order not to pre-shear the dispersions. To prevent solvent 
evaporation and therefore change in composition of the sample, a protective chamber 
was placed around the cone-plate geometry. Step-wise ascending–descending–
ascending flow tests were performed in which the shear rate was swept between 0.01 
s
-1
 and 10 s
-1
. Dispersions were held at each shear rate for 2 min to obtain 
equilibrium and measurements were made logarithmically at 10 points per decade of 
shear rates. 
5.2.2 Wet-spinning of PU/ULGO fibres and annealing 
PU/ULGO fibres were wet-spun from spinning formulations prepared by dissolving 
PU in desired concentrations in ULGO dispersions in DMF. Wet-spinning occurred 
using the setup explained in Chapter 2 with controlled injection (5 mL h
-1
) of the 




(gauge 23) attached to a syringe. As-spun PU/ULGO fibres were continuously 
collected on a speed-controlled winder (10 rpm) and air-dried. Annealing of 
PU/ULGO fibres were carried out at the stretched state (on the winder) in an oven 
(Binder E28) in air and under the atmospheric pressure. 
5.2.3 Characterisation of PU/ULGO and PU/rULGO fibres 
PU/(r)ULGO fibre diameters were measured an optical microscope (Leica DM EP) 
at minimum of 10 points along the lengths. Morphology of PU/ULGO fibres was 
observed using a field emission SEM instrument (JEOL JSM-7500FA) after sputter 
coating (EDWARDS Auto 306) with platinum (~5 nm). Fibre cross-sections were 
obtained by immersion in liquid nitrogen and breaking the frozen fibre. 
Mechanical properties of PU/(r)ULGO fibres were measured using a tensile 
testing instrument (Shimadzu EZ-L) with a 2 N load cell and 1 N grips. Sample 
preparation was described in Chapter 2. In tensile tests, fibres were stretched with a 
strain rate (crosshead speed) of 10 mm min
-1
 (100 % min
-1
) until failure. Elastic 
recovery tests were also performed in which fibres were incrementally stretched from 
50 to 400 % (strain rate of 10 mm min
-1
) and then released (zero force). 
The values of Young’s modulus, yield stress (stress at 5 % strain), tensile 
strength, elongation at break, and toughness were calculated from the tensile results 
and elastic recoveries at different applied strains were extracted from elastic recovery 
results using custom-coded programmes in MATLAB (See Appendix B). 
Conductivity of PU/rULGO fibres was measured according to the method 
described in Chapter 2 with an in-house linear four-point probe cell (probe spacing 
230 μm) under laboratory humidity and temperature conditions for at least 10 
samples cut from different parts of the fibres. 
The strain sensing behaviour of PU/rULGO fibres was investigated by in situ 
monitoring of the resistance change with the application of strain using a digital 
multimeter (Agilent 34410A). Details of sample preparation can be found in Chapter 
2. Fibres were stretched to 10 – 70 % strains and released cyclically for 10 cycles at 
each strain with 30 sec relaxation time between each stretching and release steps. 
Cyclic resistance response were captured every 0.05 s during the tests using an A/D 
computer interface. 
Raman spectroscopy was performed on as-spun PU/ULGO and ULGO fibres as 




Yvon Horiba HR800) with a 632 nm laser line and a 300-line grating (resolution of 
±1.25 cm
-1
) with 100X objective. 
Thermogravimetric analysis (TGA, TA Instruments Q500) was performed in an 
inert atmosphere of nitrogen using a platinum pan. In one experiment, ULGO fibre 
was held at a constant temperature of 170 °C for 12 h and the mass loss was 
recorded. Another experiment was carried on PU/ULGO fibres in which mass loss 
was monitored during heating from 25 to 800 ºC with the rate of 5 °C min
-1
. 
Differential scanning calorimetry (DSC) was performed on a TA Instruments Q100 
using standard aluminium pans sealed in air. Samples were cooled down to -80 °C 
and heated to 250 °C with the rate of 5 °C min
-1
 after equilibrium. 
5.3 Results and discussion 
5.3.1 Morphological observation and lateral size of ULGO sheets 
SEM micrograph of ULGO sheet from its DMF dispersion is illustrated in 
Figure ‎5.1 (top). Contrast observations approve production of monolayer ULGO 
sheets. More evidence of monolayer ULGO sheets production is given 
elsewhere.
21,29,40
 It is also observed that ULGO sheets wrinkle and fold showing their 
flexibility. Measurements on a total of 250 ULGO sheets resulted in a lateral size of 
12.1 ± 8.1 μm. The ultra-large size of ULGO was owing to the elimination of the 
sonication steps for the exfoliation of graphite oxide during synthesis thereby 
maintaining the original size of nanosheets of the graphite flakes. Assuming the 
thickness of 0.83 nm,
21




To demonstrate that rupture of ULGO sheets occurred during intense sono-
mechanical agitation, a ULGO dispersion in DMF (1.48 mg mL
-1
) was exposed to a 
range of sonication conditions: a) bath sonication for 5 min, b) bath sonication for 10 
min, and c) probe sonication for 30 min. Figure ‎5.1 shows SEM micrographs of 
ULGO sheets under different sonication conditions. The lateral size of ULGO sheets 
decreased from 12.1 ± 8.1 μm to 2.5 ± 3.5 μm, 2.5 ± 2.4 μm and 0.3 ± 0.2 μm after 







12.1 ± 8.1 μm 
 
Bath Sonication 5 min 
 
2.5 ± 3.5 μm 
 
Bath Sonication 10 min 
 
2.5 ± 2.4 μm 
 
Probe Sonication 30 min 
 
0.3 ± 0.2 μm 
 
Figure ‎5.1 SEM micrographs of ULGO sheets at different sonication conditions and 




5.3.2 LC behaviour of ULGO and PU/ULGO dispersions at different 
concentrations 
Liquid crystalline behaviour of ULGO dispersions in DMF was investigated at a 
concentration range of 0.01 – 1 mg mL
-1
 using a polarised optical microscope 
(POM). Dispersions with ULGO concentrations of less than 0.09 mg mL
-1
 appeared 
dark and featureless under crossed-polarisers (Figure ‎4.3). Above this concentration, 
ULGO dispersions displayed regions with weak birefringence, indicating onset of 
ordering and formation of nematic domains resulting in a biphasic system. The 
fraction of nematic domains increased with ULGO concentration and, at 
concentrations above 0.74 mg mL
-1
, the entire dispersion appeared to be birefringent, 
indicative of the evolution of a single nematic LC phase. The nematic dispersion 
contained a number of distinctive brush-like regions emanating from singularities 
known as disclinations. These structures were typical of Schlieren-like texture which 
is characteristic of nematic LC phase formation. The large areas of Schlieren textures 
are indicative of long-range ordering in the ULGO dispersions.  
The effect of PU addition on LC behaviour of ULGO dispersions was also 
studied. To that end PU with concentrations of 50 mg mL
-1
 (optimised PU 
concentration from Chapter 3) was added to ULGO dispersions at different 
concentrations and the resulting formulations were observed under cross-polarisers. 
POM images of PU/ULGO dispersions are shown in Figure ‎4.3. Onset of nematic 
domains formation (biphasic region) for PU/ULGO dispersions containing 50 mg 
mL
-1
 occurred at ULGO concentration of 0.11 mg mL
-1
 which was slightly higher 
than that of the pristine ULGO dispersion (0.09 mg mL
-1
). A shift to a higher 
concentration of ULGO, from 0.74 mg mL
-1
 in ULGO dispersion to 0.93 mg mL
-1
 in 
PU/ULGO composition, was obsereved for formation of fully nematic LC phase in 
PU/ULGO. 
Suspensions of charged anisotropic particles exhibit LC behaviour.
63
 ULGO 
dispersions, which are stabilised by electrostatic repulsion  from the charged surface 
functional groups, evolve from isotropic to nematic LC phase at high 
concentrations.
21,22,26–29,64–66
 Nematic LCs possess orientational order but lack 
positional order.
67,68
 From the thermodynamic point of view, isotropic to nematic 
transition occurs on entropic grounds.
69
 Translational (orientational) entropy favours 






In the dilute regimes, movement of ULGO sheets is uninterrupted by the 
neighbouring sheets. Therefore, excluded volume (inaccessible volume due to the 
presence of a ULGO sheet) interactions are low
71,72
 and the rotational mobility of the 
sheets is not enough for the system to result in an ordered state.
68
 Hence, 
translational entropy dominates over the rotational entropy
70
 resulting in an isotropic 
dispersion. However, at high concentration regime, decrease in free volume hinders 
the movement of ULGO sheets. This gives rise to high excluded volume 
interactions
67,71,72
 resulting in increased packing of the ULGO sheets. In this state, 
the translational entropy is dominated by the rotational entropy thereby favouring 
orientated configurations.
63,70
 As a result, ULGO sheets align and form nematic 
phases. 
The very low concentration at which isotropic to nematic transition occurred was 





The broad range of isotropic-nematic transition emanated from the polydispersity of 
ULGO.
26,27
 Significantly, the LC behaviour of ULGO was also maintained when PU 
was added to the dispersion. The slight shift towards higher ULGO concentration of 
nematic phase was due to the higher viscosity of the dispersion medium as a result of 
PU addition which acted as a barrier for alignment of the ULGO sheets and nematic 
domains formation.
29
 Nematic phase preservation has been reporeted in other 


































































Figure ‎5.2 Isotropic-nematic phase transition in ULGO and PU/ULGO dispersions 




5.3.3 Effect of ULGO sheet size on LC behaviour of ULGO and PU/ULGO 
dispersions 
LC behaviour of ULGO and PU/ULGO dispersions in DMF were investigated after 
different sonication conditions investigated in Section 5.3.1. Figure ‎5.3 shows the 
POM images of ULGO and PU/ULGO dispersions under different sonication 
conditions. ULGO concentration of 1.48 mg mL
-1
 ensured the fully nematic phase in 
ULGO and PU/ULGO evident from the Schlieren texture. POM observations 
revealed some birefringence in bath-sonicated ULGO dispersions and PU/ULGO 
prepared therefrom by addition of 50 mg mL
-1
 PU. However, after probe sonication 
for 30 min, birefringence of ULGO and PU/ULGO dispersions totally vanished, 
indicating the absence of nematic domains. This was expected as the formation of 
LC in charged platelets is largely dependent on the anisotropy of the particles and the 
higher aspect ratio facilitates nematic domains development.
27,28,67,70,74,75
 When size 
of ULGO sheet (aspect ratio) was reduced, the excluded volume interactions 
decreased creating a low rotational entropy which is dominated by the translational 








 ULGO PU/ULGO 
No Sonication 
 
12.1 ± 8.1 μm 
  
Bath Sonication 5 min 
 
2.5 ± 3.5 μm 
  
Bath Sonication 10 min 
 
2.5 ± 2.4 μm 
  
Probe Sonication 30 min 
 
0.3 ± 0.2 μm 
  
Figure ‎5.3 Birefringence of ULGO and PU/ULGO dispersions in DMF under 
different sonication conditions (ULGO 1.48 mg mL
-1




5.3.4 PU/ULGO spinning formulations preparation 
A systematic study was conducted to study the effect of ULGO loading upon the 
properties of wet-spun PU/ULGO fibres. Due to the independent spinnability of both 
PU and ULGO dispersions in DMF, ULGO content was varied from zero to 100 %. 
PU concentration was maintained at 50 mg mL
-1
 to ensure uniform and reproducible 
PU fibre formation (see Chapter 3). Using a ULGO stock dispersion in DMF (3.7 ± 
0.3 mg mL
-1
), PU/ULGO spinning formulations were prepared by dissolving PU (50 
mg mL
-1
) in ULGO dispersions with different concentrations to achieve ULGO 




higher ULGO contents (from 6.89 to 100 wt. %) were also investigated by 
incrementally decreasing the PU concentration in the composite formulation from 50 
mg mL
-1
 to zero. Table ‎1.2 lists the concentrations of PU and ULGO at different 
loadings in the systematic study. 
 
Table ‎5.1 Experimental design for systematic study on PU/ULGO fibres 
Sample 





) Vacuum 170 °C 12 h 180 °C 1 h 
PU 0.00 50.00 0.00 0.00 0.00 
1 0.07 50.00 0.15 0.08 0.09 
2 0.11 50.00 0.22 0.12 0.13 
3 0.15 50.00 0.30 0.16 0.17 
4 0.19 50.00 0.37 0.19 0.21 
5 0.37 50.00 0.73 0.39 0.43 
6 0.74 50.00 1.46 0.77 0.85 
7 0.93 50.00 1.82 0.97 1.06 
8 1.48 50.00 2.87 1.54 1.68 
9 2.22 50.00 4.25 2.29 2.50 
10 2.96 50.00 5.59 3.03 3.31 
11 3.70 50.00 6.89 3.75 4.10 
12 3.70 20.00 15.61 8.88 9.67 
13 3.70 5.00 42.53 28.06 29.97 
14 3.70 1.00 78.72 66.10 68.15 
ULGO 3.70 0.00 100.00 100.00 100.00 
 
5.3.5 Rheological behaviour of PU/ULGO spinning formulations 
The rheological behaviour of PU/ULGO spinning formulations at different ULGO 
loadings was studied using by a step-wise ascending–descending–ascending flow. 
Figure ‎5.4 shows the rheological behaviour of typical spinning formulations. Shear 
stress and viscosity increased with ULGO loadings. For pure PU solution 
(Figure ‎5.4a), shear stress increased with shear rate in the first step (ascending flow) 
and viscosity plateaued after an initial decrease. Shear stress and viscosity showed 
similar behaviour in the next steps (first descending and then ascending). Pure 
ULGO dispersion (Figure ‎5.4e), on the other hand, exhibited a hysteresis in shear 
stress and viscosity in cyclic sweep of shear rate. In the first ascending flow on the 




However, in the following descending flow, significantly lower shear stresses (and 
lower viscosities) were experienced at low shear rates compared to the first step 
resulting in a decrease in the yield stress (minimum stress required to result in a shear 
flow, i.e. a shear stress of 0.01 s
-1
). In the next ascending step on the ULGO 
dispersion, shear stress and viscosity coincided with those of the descending flow 
(second step) and no difference in yield stress was observed. This behaviour is 
characteristic of thixotropic liquids in which a reduction in the rheological properties 
(e.g. viscosity) occurs reversibly and isothermally with a distinct time dependence on 
application of shear strain.
77
 This behaviour is typical of lyotropic liquid crystals.
78
 
Different rheological behaviours were observed for PU/ULGO dispersions 
(Figure ‎5.4a – d). Similar to ULGO, shear stress increased and viscosity decreased 
by shear rate in the first ascending flow. However, for PU/ULGO dispersions with 
ULGO loadings of up to 6.89 wt. %, higher shear rates (viscosities) were observed 
after the descending flow (second step) in respect to the corresponding values in the 
first ascending step suggesting higher yield stress values. This behaviour is similar to 
rheopectic fluids in which viscosity increases over time at a given shear force
79
 and 
was observed in lyotropic liquid crystals
80
 as well as lamellar liquid crystals.
81
 
PU/ULGO formulations with higher loadings of ULGO (15.61 wt. % or more) 
showed rheological behaviours similar the pure ULGO dispersion (Figure ‎5.4d). 
This suggests a shift in rheological behaviour of PU/ULGO dispersions from 
rheopecty to thixotropy by increasing the ULGO loading. Careful observation of the 
graphs (Figure ‎5.4a – d) reveals transition points that shift to the higher shear rates 
with the ULGO loadings. At low concentrations of ULGO where an increase in yield 
stress was observed over the steps, rheopecty is the dominant behaviour. At high 
concentrations of ULGO, thixotropy becomes the governing behaviour and yield 









Figure ‎5.4 Rheology of spinning formulations: a) PU, b) PU/ULGO No. 7, c) 
PU/ULGO No. 10, d) PU/ULGO No. 12, e) ULGO ( for the first step ascending 
flow,  for the second step descending flow, and  for the third step ascending 
flow) 












































































































































































For pristine ULGO and for higher concentrations of ULGO in the PU/ULGO 
dispersion, shear-induced rejuvenation was observed as a result of the destruction of 
the percolated network by shear to achieve orientational ordering.
83
 Alignment of 
ULGO LC domains along the direction of shear was obtained during the first 
ascending step. The orientated domains exhibited lower resistance to flow and 
consequently lower values of shear stress and viscosity at low shear rates were 
observed in the succeeding steps. A consequence of this thixotropic behaviour was 
the appearance of a hysteresis loop.
83
 However, in PU/ULGO formulations with low 
ULGO concentrations, a shear-induced jamming state occurs. Here, the shear applied 
during the first ascending step enhances the contact between the ULGO platelets and 
PU to create the jammed state. This behaviour was maintained in the next step 
causing the increase in the shear stress and viscosity in the lower shear rate region.
83
 
This phenomenon was a result of the influence of the previous deformation history 
on the rheological behaviour of the solution in succeeding steps.
81
 
5.3.6 Morphological observations of PU/ULGO fibres 
Figure ‎3.2 shows a photograph of a typical wet-spun PU/ULGO fibre collected on a 
winder. It can be seen that production of PU/ULGO fibres was continuous and 
uniform fibres were obtained. SEM micrographs of as-spun PU, a typical PU/ULGO, 
and ULGO fibres are shown in Figure ‎3.4. Cross-section of the fibres changed from 
flat (Figure ‎3.4a) to a more regular (Figure ‎3.4d) with increasing the loading 
ULGO. This was a result of a slower rate of coagulation due to the presence of 
ULGO (described in more detail in Section 4.3.4 in Chapter 4). An SEM micrograph 
of pristine ULGO fibre (Figure ‎3.4e) illustrated that the ULGO sheets wrinkle and 
crumple to form a thin and porous fibre with an irregular cross-section. Comparing 
SEM micrographs of the PU/ULGO fibre with the PU fibre at a higher magnification 
(Figure ‎3.4b and d) revealed that ULGO was uniformly dispersed in the PU host as 
a result of the high quality, homogeneity, and stability of the PU/ULGO spinning 
formulation in DMF. Careful analysis of Figure ‎3.4d indicated that ULGO sheets 
maintained their order after fibre production. This order originated from the nematic 
state of the corresponding PU/ULGO spinning formulation (ULGO loading 2.87 wt. 
%). Alignment directions of the ULGO sheets within the PU host in the PU/ULGO 
fibre are illustrated by arrows on the micrograph. This observation suggests that it is 




an LC composite formulation. This is an outstanding achievement and it is the first 
time that the production of ordered structures has been reported in a ULGO-based 
composite fibre. Alignment of ULGO sheets along the fibre axis is clear in the 
ULGO fibre as the sheets are placed perpendicular to the cross-section micrograph 
(Figure ‎3.4f). Similar alignment, although seen less clearly, was nevertheless 
observed in the PU/ULGO fibre (Figure ‎3.4d). 
 







Figure ‎5.6 SEM micrographs of wet-spun a, b) PU fibre, c, d) PU/ULGO fibre No. 8 
(ULGO loading 2.87 wt. %), and e, f) ULGO fibre (arrows on (d) indicate the 








5.3.7 Effect of ULGO loading on mechanical properties of as-spun PU/ULGO 
fibres 
5.3.7.1 Tensile test 
Stress-strain curves for tensile tests on as-spun PU/ULGO fibres at various selected 
loadings of ULGO are shown in Figure  5.7. Similar to that of pure PU fibre, three 
distinguishable deformation regions are identifiable on as-spun PU/ULGO fibres up 
to the ULGO loading of 6.89 wt. % (No. 11). The first region is an elastic 
deformation region where the stress increases sharply and linearly with strain causing 
an initial stiff response. This region is followed by a low-slope compliant 
deformation behaviour after which strain-induced crystallisation occurs resulting in a 
steep upturn during the last deformation region. Enhancement in Young’s modulus 
as a result of addition of ULGO is clearly observed through an increase in the initial 
stress response. Addition of ULGO to PU resulted in an increase of stress magnitude 
in the mid-range deformation region characterised by an upward shift in the stress-
strain curves. This indicated that yield modulus of PU/ULGO fibres increased with 
ULGO loading. Addition of ULGO resulted in an increase and then a decrease in 
tensile strength and elongation at break in the PU/ULGO fibres. 
Analysis of tensile stress-strain behaviour of PU was discussed in Chapter 3. The 
increase in low-deformation properties (Young’s modulus and yield stress) of 
PU/ULGO fibre with ULGO loading is a direct result of the increase in the rigid 
component in PU, the so-called hydrodynamic effect.
84,85
 Physical and mechanical 
interactions
84
 between ULGO and PU also contribute to this enhancement. These 
interactions can be maintained at the high-deformation region resulting in higher 
tensile properties of the PU/ULGO fibre. In contrast, disruption of the PU soft 
segment crystallisation at the high-deformation region can occur with the addition of 
ULGO resulting in the elastomeric composite to fail at a lower stress and strain.
43–45
 
An abrupt decrease in stress after the yield point was observed for the PU/ULGO 
fibre with a ULGO loading of 6.89 wt. % (No. 11) as a result of a sudden collapse of 
the jammed structure of the soft and hard segments of the PU and the ULGO. A 
result of this will be the facilitation of the PU soft segment extension and 
orientation.
3
 The slope of the stress-strain curves in the third region did not change 
with ULGO loading up to 6.89 wt. % after which it decreased. This indicated that 




% and lower. As a result of the hard segment reinforcement, soft segment 
extensibility was maintained and high stretchability was achieved in the PU/ULGO 
fibres. Reinforcement in PU hard segment domains was also shown previously to 





Figure  5.7 Stress-strain curves for tensile tests on as-spun PU/ULGO fibres at 
different loadings of ULGO 
 
To elucidate the effect of ULGO loading on tensile properties of the as-spun 
PU/ULGO fibres, values of Young’s modulus, yield stress (stress at 5 % strain), 
tensile strength, elongation at break, and toughness were calculated based on the 
stress-strain curves and presented in Figure  5.8. Two regions for the effect of ULGO 
content on Young’s modulus of the as-spun PU/ULGO fibres were observed 
(Figure  5.8a). In the first region, from zero to 6.89 wt. % ULGO, the Young’s 
modulus of the fibres increased linearly with ULGO content with a significant 
reinforcement achieved with ULGO loading. In the second region, from 6.89 to 100 
wt. % ULGO, the Young’s modulus of PU/ULGO fibres was dominated by that of 
the ULGO reaching its maximum at the Young’s modulus of the pristine ULGO 
fibre. LCGO loading resulted in a 200-fold reinforcement in the first region where 
the Young’s modulus increased from 2.9 ± 0.8 MPa for the pristine PU fibre to 708 ± 
143 MPa for the PU/ULGO fibre with a ULGO content of 6.89 wt. % (No. 11). 























PU/ULGO 0.37 wt. % (No. 4)
PU/ULGO 1.46 wt. % (No. 6)
PU/ULGO 2.87 wt. % (No. 8)
PU/ULGO 6.89 wt. % (No. 11)





Further reinforcement was achieved in the second region, albeit at a lower rate, until 
pristine ULGO fibre with Young’s modulus of 1582 ± 289 MPa was obtained. 
The reinforcement mechanism in elastomeric composites is more complex than 
in filled thermoplastic polymers
45
 and is known to occur due to a combination of 
hydrodynamic effect (presence of the rigid filler) and chemical and physical 
interactions between the filler and the elastomer.
84,85
 These effects account for the 
increase in Young’s modulus of the PU/ULGO fibres observed in the first 
reinforcement region. However, at higher loadings of the ULGO, where the ULGO 
sheets are close to each other, interactions between the sheets become dominant and 
determine the Young’s modulus of the PU/ULGO fibres. As a result, reinforcement 






Figure  5.8 The effect of ULGO loading on tensile properties of as-spun PU/ULGO 
fibres: a)Young’s modulus, b) yield stress (stress at 5 % strain), c) tensile strength, d) 
elongation at break, and e) toughness 
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Due to the high stiffness of the GO sheets (Young’s modulus > 0.2 TPa),
14,86,87
 it 
is anticipated that the effect of ULGO loading on Young’s modulus of the as-spun 
PU/ULGO fibres could be explained by the Voigt model (rule of mixture upper-
bound)
88
 presented in equation  4.2. 
 
   (      )     ( 5.1) 
 
In this equation,    and    are Young’s moduli of the filler (ULGO) and the 
polymer (PU),   is the volume fraction of the filler and   is the filler efficiency 
factor. Equation  4.2 was used to fit the Young’s modulus data for the as-spun 
PU/ULGO fibres in the first reinforcement region. Figure  5.9 shows the best fit 
obtained by the Voigt model. Densities of 1.2 and 2.2 g cm
-3
 were used for PU and 
ULGO
40
 respectively for the calculation of ULGO volume fraction from wt. %. The 
Young’s modulus data of the second reinforcement region was not used in the model 
due to the deviation from the initial linear trend at high ULGO loading. Deviation 
from the reinforcement model at high filler loadings was also observed in other 
composite systems.
1,43,45
 The rate of reinforcement, defined as the rate of increase in 
Young’s modulus with the ULGO volume fraction (     ) was calculated as 15.8 
GPa based on the Voigt model for the as-spun PU/ULGO fibres in the first 
reinforcement region. To the best of the author’s knowledge, this rate of 
reinforcement is unprecedented among the reported values for the filled elastomers. 
Literature values of     ⁄  for several filled elastomers have been reported (or 
calculated) as ~2.4 GPa for PU/SEG,
45
 ~5.3 GPa (maximum) for PU/Ph-iGO (phenyl 
isocyanate-treated GO),
89
 ~3.8 GPa for PU/SWCNT,
43
 and ~1.0 GPa for 
PU/MWCNT.
90
 The rate of reinforcement in this work was more than three times 
that of the earlier reports. This outstanding rate of reinforcement arises from the 
ultra-large size (12.1 ± 8.1 μm) of the ULGO sheets with a very high aspect ratio. 
The effect of ULGO sheet size is explored later in the chapter. 
For rigid fillers, such as ULGO where       , according to the equation  4.2, 
the maximum rate of reinforcement that could be achieved for the PU/ULGO fibres 
is limited by the Young’s modulus of ULGO (    ⁄    ).
91
 However, often due 
to very poor stress transfer at the interface of the host polymer and the filler as well 






 Therefore, the high rate of reinforcement for the PU/ULGO fibres in this 
study (15.8 GPa) suggests very strong interactions between the PU and ULGO as it is 
relatively close to the ~200 GPa which is the theoretical limit value for ULGO 
reinforcement in polymer composites. 
 
 
Figure  5.9 Reinforcement effect of ULGO in PU/ULGO fibres in the first region 
(the linear line is the representative of the best fit achieved by the Voigt model) 
 
The effect of ULGO loading on yield stress (stress at 5% strain) for the as-spun 
PU/ULGO fibres is illustrated in Figure  5.8b. As for the Young’s modulus 
behaviour in the first reinforcement region, the yield stress was observed to increase 
linearly with the ULGO content from 0.18 ± 0.05 MPa for the pristine PU fibre to 
20.4 ± 3.5 MPa for the PU/ULGO fibre with the ULGO loading of 6.89 wt. % (No. 
11). This increase is equivalent to more than two orders of magnitude enhancement 
in the yield stress. The rate of yield enhancement was calculated for the PU/ULGO 
fibres as 1.64 GPa. For other composites, the rate of yield enhancement was 
observed to be ~8 MPa for PU/CNT,
90
 ~50 MPa for PU/GNP (graphite 
nanoplatelet),
93
 ~60 MPa for PU/clay,
3
 ~150 MPa for PU/SWCNT
44
 and ~150 MPa 
for PU/SEG,
45
 and ~0.3 GPa for PU/rULGO.
94
 The rate of yield enhancement in this 
study (1.64 GPa) was at least 5 times higher than these reported values. PU/ULGO 
fibres with ULGO loadings higher than 6.89 wt. % exhibited elongation at break 
values of less than 5 % and exhibited no yield behaviours. 
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With increasing ULGO loadings, the tensile strength of the as-spun PU/ULGO 
fibres initially increased, with some fluctuations, from 25.9 ± 7.4 MPa for the 
pristine PU fibre to 38.9 ± 5.3 MPa for the PU/ULGO fibre at a ULGO loading of 
2.87 wt. % ( No. 8). Above this loading, the tensile strength decreased to 20.1 ± 1.8 
MPa for the pristine ULGO fibre (Figure  5.8c). Elongation at break of the as-spun 
PU/ULGO fibres (Figure  5.8d) remained almost unchanged by ULGO loadings up 
to 6.89 wt. % (No. 11 with elongation at break of 395 ± 8 % compared to 418 ± 4 % 
of the pristine PU fibre). By increasing the ULGO loading up to 6.89 wt. %, the 
toughness of the as-spun PU/ULGO fibres (Figure  5.8e) more than trebled to 82.8 ± 
14.1 MJ m
-3
 (PU/ULGO fibre No. 11) from 27.3 ± 7.7 MJ m
-3
 for the pristine PU 
fibre. Further loading of ULGO resulted in a sudden dramatic drop in the elongation 
at break and toughness of the PU/ULGO fibres whereby at 15.61 wt. % (No. 12), an 
elongation at break of 1.9 ± 0.2 % and toughness of 0.24 ± 0.050 MJ m
-3
 were 
observed. Elongation at break and toughness of the PU/ULGO fibres did not change 
significantly at higher ULGO loadings (elongation at break of 1.4 ± 0.3 % and 
toughness of 0.15 ± 0.04 MJ m
-3
 for the pristine ULGO fibre). Mechanical properties 
of the as-spun PU/ULGO fibres at different loadings of ULGO are listed in Table 
A.3 in Appendices. 
The above results suggest that a relatively high content of ULGO (up to 6.89 wt. 
%) can be integrated within the PU host resulting in PU/ULGO fibres with 
significantly enhanced Young’s modulus, yield stress, and toughness as well as 
improved tensile strength over the pristine PU fibre without compromising its 
elongation at break. Enhancement of the Young’s modulus has been reported in PU 
composites such as PU/SEG films
45
 and PU/SWCNT films
43
 as well as other 
composites such as PVA/SEG films
91
 and PVA/SWCNT fibres.
95
 However, addition 
of a filler to an elastomer was often found to deteriorate the elongation at break, 
tensile strength, and/or toughness of the elastomer.
43–45,90,94,96–98
 To the best of 
author’s knowledge, this is the first time that a synergistic improvement in all 
mechanical properties of an elastomer has been reported. This significant 
achievement offers advantages in a wide range of technological applications. 
Moreover, since the loading of ULGO at which a fully nematic LC phase within the 
PU medium forms was at ~1.82 wt. % (equivalent to the ULGO concentration of 
0.93 mg mL
-1




facilitate the production of PU/ULGO composite fibres with highly ordered micro-
structures and high-performance functionalities. 
5.3.7.2 Elastic recovery test 
To investigate the effect of ULGO loading upon the elastic properties of the as-spun 
PU/ULGO fibres, elastic recovery tests were carried out by incrementally stretching 
the fibres from 50 to 400 % and subsequent releasing. Figure  5.10 shows the stress-
strain curves for elastic recovery tests on the as-spun PU fibre and a typical 
PU/ULGO fibre (No. 8). Higher hysteresis (the difference between loading and 
unloading path) was observed for the PU/ULGO fibre compared to the PU fibre. 
Stress softening, seen by a reduction of stress at the same strain in reloading, was 
also more pronounced in the PU/ULGO fibre than the PU fibre. Permanent set 
(unrecoverable strain due to the plastic deformation) was also found to increase with 
ULGO loading in PU/ULGO fibres. 
 
  
Figure  5.10 Stress-strain curves for elastic recovery tests on the as-spun PU fibre 
and a PU/ULGO fibre with the ULGO loading of 2.87 wt. % (No. 8) 
 
The above features (hysteresis, stress softening, and permanent set), which are 
characteristics of thermoplastic PU elastomers, can arise from the irreversible 
deformation and permanent breakup of the PU chains during loading,
99,100
 loss of 
fibrillar and lamellar orientation of the PU hard segments after removal of stress,
101
 

























and the slippage of PU chains in the hard segment domains
102
 in the pristine PU fibre 
(see Chapter 3). In the PU/ULGO fibres, slippage of the PU chains at PU-ULGO 
interface, as a result of weak van der Waals forces
85,103
 may also account for the 
increased hysteresis, stress softening, and permanent set. In addition, breakdown of 
ULGO networks may occur under the application of strain resulting in a further 
increase in the hysteresis, stress softening, and permanent set for PU/ULGO fibres. 
In order to quantify the effect of ULGO loading on the elastic properties of the 
as-spun PU/ULGO fibres, values of elastic recovery (relative difference of applied 
strain and permanent set) were calculated at different strains. Figure ‎4.12 depicts 
elastic recovery of the as-spun PU/ULGO fibres as a function of ULGO loadings at 
different applied strains. Elastic recovery decreased by increasing the ULGO content 
at all applied strains. For instance, at 50 % strain, an elastic recovery of 94.7 ± 0.5 % 
was observed for the PU fibre which was reduced to 61.7 ± 4.3 % for the PU/ULGO 
fibre with a ULGO loading of 6.89 wt. % (No. 11). Elastic recoveries of all as-spun 
PU/ULGO fibres were lower at higher applied strains. However, the magnitude of 
the decrease in elastic recovery by the application of strain was slightly lower at the 
higher ULGO loading. For instance, when a high strain of 400 % was applied, an 
elastic recovery of 78.9 ± 1.1 % was observed for the PU fibre which was ~15.8 % 
lower than the elastic recovery at 50 %. PU/ULGO fibre with a ULGO loading of 
5.59 wt. % (No. 10) exhibited an elastic recovery of 60.7 ± 1.0 % at 400 % applied 
strain, only ~4.3 % lower than that of 50 %. Similar rates of decrease in elastic 
recovery with application of strain at different ULGO loadings suggests that the 
strain induced crystallisation of PU soft segment was not significantly affected as a 
result of ULGO addition. This provides further evidence of ULGO reinforcement in 
the PU hard segment domains. Elastic recovery of PU/ULGO fibres with a ULGO 
loading of 15.61 wt. % (No. 12) or higher could not be measured due to the 
elongation at break values of lower than 50 %. Elastic recoveries of all as-spun 
PU/ULGO fibres at different applied strains are listed in Table A.3 in Appendences. 
With higher ULCGO loadings in the PU/ULGO fibres, more slippage of the PU 
chains at the PU-ULGO interface
85,103
 may occur and higher content of ULCGO 
means more failure of ULGO networks under strain; therefore elastic recovery 
decreases. The amount of slippage at the PU-ULGO interface and breakdown of 




ULGO. This results in a lower plastic deformation at the higher strain and thereby 
lower decrease in the elastic recovery. 
 
 
Figure ‎5.11 Elastic recovery of PU/ULGO fibres at different applied strains as a 
function of ULGO loading 
 
5.3.8 Thermal reduction of PU/ULGO fibres 
GO itself does not have high electrical properties.
15
 However, it can be reduced to 
achieve highly conductive rGO.
23–25





 approaches are the most common. 
Since the aim of this study was to produce conductive elastomeric fibres for bionics 
applications, the chemical route was not considered to be an appropriate reduction 
approach typically employing cyto-toxic substances. Furthermore, due to processing 
issues, the method chosen should allow ULGO reduction after PU/ULGO fibres 
fabrication. For this reasons, the thermal method was investigated to reduce ULGO 
in the PU/ULGO fibres after wet-spinning by annealing in situ to achieve conductive 
fibres. 
5.3.8.1 Thermal analysis of PU, ULGO, and PU/ULGO fibres 
The efficiency of the GO reduction has been reported to be greatly influenced by the 
heat-treatment (annealing) condition. 
23,104–106































heat-treatment on ULGO reduction in ULGO and PU/ULGO fibres, TGA analyses 




Figure  5.12 a) TGA and b) DTA thermograms of PU, ULGO, and PU/ULGO (No. 8, 
ULGO loading 2.87 wt. %) fibres 
 
TGA thermogram of the ULGO fibre exhibited three regions of mass loss: 1) 
below 100 °C, 2) from 150 to 220 °C, and 3) above 600 °C. Removal of adsorbed 
water/solvent at temperatures in the first region, decomposition of oxygen containing 
functional groups in the second region, and combustion of graphene in the third 
region account for these ULGO mass losses.
106


















































showed that decomposition started to occur at the temperature of about 250 °C. 
PU/ULGO fibre (No. 8, ULGO loading 2.87 wt. %) began to decompose at a slightly 
higher temperature (~270 °C). This suggests that annealing of the PU/ULGO fibre 
must occur at a temperature lower than 250 °C to avoid PU decomposition. Presence 
of ULGO was detected in the TGA thermogram of the PU/ULGO fibre through the 
mass reduction at temperature range of 150 – 220 °C. This region of mass loss was 
more noticeable in the derivative TGA (DTG) thermogram of the PU/ULGO fibre 
(Figure  5.12b). The presence of these features suggested that ULGO reduction 
occurred in the PU host. 
The effect of annealing time on the reduction of ULGO was also studied by 
TGA. ULGO fibre was kept at a constant temperature of 170 °C for 12 h and ULGO 
mass reduction was recorded Figure  5.13. The highest level of mass reduction in the 
ULGO fibre occurred in the first 4 h (41.6 %). Annealing at 170 °C for 12 h resulted 
in 43.5 % reduction in mass of ULGO which agreed reasonably well with the mass 
reduction measurement in an oven (47.3 %) under the equivalent condition. This 

















































DSC was also used to investigate thermal properties of PU, ULGO, and 
PU/ULGO (No. 8, ULGO loading 2.87 wt. %) fibres (Figure  5.14). The DSC 
thermogram of ULGO revealed occurrence of an exothermic phenomenon between 
150 °C and 220 °C which peaked at ~200 °C. This was due to the ULGO structural 
change as a result of decomposition of oxygen containing groups in the ULGO 
corresponding to the ULGO reduction.
107
 There was also an endothermic peak at 
~100 °C which was due to the vaporization of residual water.
108
 These peaks 




Figure  5.14 a) DSC and b) DDSC thermograms of PU, ULGO, and PU/ULGO (No. 
8, ULGO loading 2.87 wt. %) fibres 
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DSC thermogram of the PU fibre (Figure  5.14) exhibited a secondary transition 
at ~-22 °C which corresponds to the glass transition temperature (Tg) of PU. This 
transition occurred at exactly the same temperature as the PU/ULGO fibre. 
Derivative DSC (DDSC) thermograms in Figure  5.14b better illustrate the position 
of this transition in PU and PU/ULGO fibres. The same value for the Tg of PU and 
PU/ULGO fibres suggested that microstructure of PU soft segment was relatively 
unaffected by addition of ULGO and therefore the ULGO inclusion was likely to be 
within the PU hard segment.
3,44
 This was also confirmed by the stress-strain studies 
on PU/ULGO fibres at different ULGO loadings discussed earlier in the chapter.  
The exothermic peak at ~200 °C, corresponding to the reduction of ULGO, was also 
present in the DSC thermogram of PU/ULGO fibre providing further evidence for 
the reduction of ULGO in the PU host. Due to the amorphous structure of PU, no 
melting peaks were observed in DSC thermograms of PU and PU/ULGO fibres. 
5.3.8.2 Effect of annealing on electrical and mechanical properties of PU/ULGO 
fibres 
The efficiency of the GO reduction is reported to be greatly influenced by the heat-
treatment (annealing) condition.
23,104–106
 Annealing is also known to significantly 
affect the mechanical properties of ULGO.
109,110
 Therefore, in order to investigate the 
effects of annealing on electrical and mechanical properties of PU/ULGO fibres, a 
systematic study was carried out where the PU fibre and a typical PU/ULGO fibre 
(No. 8, ULGO loading 2.87 wt. %) were heat-treated at four different temperatures, 
150, 170, 180, and 200 °C and for 1, 4, and 12 h. From this point onwards, the 
annealed composite fibres are referred to as PU/rULGO. 
Electrical conductivities of the PU/rULGO fibres annealed at different 
conditions, measured by four-point probe method, are shown in Figure  5.15. No 
measureable conductivities were observed for fibres annealed at 150 – 180 °C for 1 h 
and 150 °C for 4h (bars not shown in Figure  5.15). A maximum conductivity of (1.2 




 was measured for the PU/rULGO fibre (No. 8, ULGO loading of 
2.87 wt. %) annealed at 170 °C for 12h. Therefore, 170 °C for 12h was chosen as the 






Figure  5.15 Electrical conductivity of typical PU/rULGO fibres (No. 8, ULGO 
loading 2.87 wt. %) annealed at different conditions 
 
Mechanical properties of the as-spun (PU/ULGO) and annealed (PU/rULGO) 
composite fibres as well as those of pristine PU fibres, were measured using tensile 
and elastic recovery tests described earlier in the chapter. Figure ‎5.16 shows tensile 
properties of the as-spun and annealed PU and PU/ULGO (No. 8, ULGO loading 
2.87 wt. %) fibres. The Young’s modulus and yield stress of the PU/ULGO fibres 
were increased by annealing at higher temperatures (Figure ‎5.16b). This was due to 
a synergistic increase in Young’s modulus of ULGO
109,110
 and PU (Figure ‎5.16a) 
after annealing. The tensile strength and toughness of the PU/ULGO fibres increased 
with the annealing temperature for the 1 h treatment up to 180 °C and then 
decreased. Fibres heat treated for longer than 1 h had lower tensile strengths and 
toughnesses than the as-spun PU/ULGO fibres. This finding was in contrast to the 
tensile strength and toughness of the PU fibres which increased by annealing time. 
Elongation at break of the PU/ULGO fibres decreased with increasing annealing 
temperature and time, despite the elongation at break of the PU fibre remaining 
unchanged for all annealing conditions. Elastic recovery of PU/ULGO fibres did not 
change significantly at different heat-treatment temperatures and times. It should be 
noted that the PU fibre melted at 180 °C or higher. However, the PU/ULGO fibre 
(No. 8, ULGO loading 2.87 wt. %) withstood all annealing conditions investigated. 

































the PU/rULGO fibre by annealing at 180  C for 1 h (Young’s modulus 340 ± 142 
MPa, yield stress 11.6 ± 2.8 MPa, tensile strength 63.9 ± 15.6 MPa, elongation at 
break 411 ± 14 %, and toughness 126 ± 31 MJ m
-3
). Table A.4 and Table A.5 in 
Appendences list the mechanical property data for the PU and PU/ULGO fibres 
under the different annealing conditions investigated respectively. 
The reason for the difference between the mechanical properties of as-spun 
PU/ULGO and annealed PU/rULGO fibres originated in part from the changes in 
mechanical properties of ULGO sheets
109,110
 and PU upon annealing. Furthermore, 
the interactions between PU and ULGO sheets were stronger than those of PU and 
rULGO sheets due to the availability of more functional groups on the ULGO 
surface. As a result, stress transfer at the PU-ULGO interface occurred more 
effectively than at the PU-rULGO interface. A combination of these two effects, i.e. 
mechanical properties of PU and (r)ULGO sheets and interactions between (r)ULGO 





Figure ‎5.16 Mechanical Properties of as-spun and annealed a) PU fibres and b) 




























































































































































































































































Stress-strain curves of the as-spun PU/ULGO fibre (No. 8, ULGO loading 2.87 
wt. %) and the corresponding PU/rULGO fibres annealed to optimise the electrical 
conductivity (170 °C for 12 h) and mechanical properties (180 °C for 1 h) are shown 
in Figure ‎5.16a and b for tensile and elastic recovery tests respectively. Superior 
mechanical properties of PU/rULGO fibre obtained from annealing at 180 °C for 1 h 
was evident in this figure. While the PU/rULGO fibre after annealing at 170 °C for 
12 h exhibited higher Young’s modulus (235 ± 60 MPa) and yield stress (9.5 ± 0.6 
MPa), it presented a slightly lower tensile strength (28.1 ± 4.4 MPa), elongation at 
break (318 ± 5 %) and toughness (58.3 ± 8.2 MJ m
-3
) than its as-spun PU/ULGO 
counterpart. This minor compromise in some of the mechanical properties, which 
would still be more than enough for most technological applications, is a penalty for 
achieving electrically conductive fibre. As is seen in Figure ‎5.16b, PU/rULGO 
annealed fibres performed similarly to the as-spun PU/ULGO fibre in cyclic 
deformation, nevertheless with slightly higher hysteresis. Elastic recoveries in the 
range of 70 – 80 % were observed for the annealed fibres depending on the applied 










Figure ‎5.17 Stress-strain curves of as-spun and annealed PU fibres and typical 
PU/ULGO fibres (No. 8, ULGO loading 2.87 wt. %): a) tensile test and b) elastic 
recovery test 
 
The effect of ULGO loading on mechanical properties of PU/rULGO fibres 
annealed under the two optimised conditions (170 °C for 12 h and 180 °C for 1 h) 
were also investigated. Table ‎A.6 and A.7 in Appendences list the mechanical 
properties data of the annealed PU/rULGO fibres at different rULGO loadings. 
Values of rULGO wt. % and volume fraction were calculated for each annealing 
condition based on oven reduction of ULGO under the equivalent condition. The 
Voigt model (equation 5.1) was also used to fit the Young’s modulus data of the 
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annealed PU/rULGO fibres. A rate of reinforcement (    ⁄ ) of 38.2 GPa and 37.4 
GPa were obtained respectively for 170 °C for 12 h and 180 °C for 1 h annealing 
conditions. These values were higher than those observed for the as-spun fibres 
PU/ULGO fibres in this study (15.8 GPa) and more than one order of magnitude 
higher than reported values in the literature.
43,45,89,90
 This improvement may be 
explained by the synergistic enhancement in stiffness of both PU host and ULGO 
after annealing (described earlier in this paper). 
5.3.8.3 Raman spectroscopy validation of ULGO reduction in PU/rULGO fibres 
Raman spectroscopy was used to confirm the reduction of ULGO after annealing. 
Raman spectra of ULGO and rULGO fibres are shown in Figure ‎5.18a. Spectra were 
normalised with the intensity of the highest peak (D band, sp
3
). Raman features of 
ULGO are clear in this figure. The peaks at 1602 and 1338 cm
-1
 were attributed to 
the G (sp
2
) and D (sp
3
) bands in the ULGO fibre respectively. The peak for G band 
was observed to have up-shifted in the ULGO fibre compared with that of graphite 
(1580 cm
-1
) due to the presence of isolated double bonds that resonate at frequencies 
higher than that of the G band of the graphite.
111
 Peaks of G and D bands were 
present at the same Raman shifts in spectra of rULGO fibres. However, the intensity 
of D and G bands were different in as-spun ULGO and annealed rULGO fibres. The 
ratio of the intensity of D band to the intensity of G band (ID/IG) was calculated for 
(r)ULGO fibres after baseline subtraction and listed in Table ‎5.2. ID/IG decreased 
from 1.36 for the as-spun ULGO fibre to 1.17 and 1.22 for rULGO fibres annealed at 
170 °C for 12 h and 180 °C for 1 h respectively. 
Reduction of ULGO within the PU host after annealing of a typical PU/ULGO 
fibre (No. 8, ULGO loading 2.87 wt. %) was also verified by Raman spectroscopy. G 
and D bands of ULGO are evident in Raman spectra of the PU/(r)ULGO fibres 
(Figure ‎5.18b). The reduction of ID/IG ratios after annealing were similarly observed 









Figure ‎5.18 Raman spectra of a) as-spun ULGO fibres and annealed rULGO fibres 
and b) as-spun PU/ULGO fibre and annealed PU/rULGO fibres (No. 8, ULGO 
loading 2.87 wt. %) 
 
A prominent D band is an indication of disorder in the Raman of the ULGO, 
originating from defects associated with vacancies, grain boundaries, and amorphous 
carbon species.
112
 Intensity ratio of D and G band (ID/IG) can therefore be correlated 
with the average size of sp
2
 domains and could be used as a measure of structural 
defects in graphene aromatic ring.
113
 Lower ID/IG account for the better graphitisation 
due to partial recovery of aromatic structure by repairing defects and increasing the 
number of smaller graphite domains.
111–113
 It is known that GO can be reduced when 




















rULGO @ 170°C 12 h
rULGO @ 180°C 1h




















PU/rULGO @ 170 °C 12h






exposed to high temperatures, during which some oxygen groups of GO leave to 
restore the aromatic structure of graphene.
106
 This then results in the reduction of 
observed ID/IG ratio. Therefore, the lower ID/IG ratios in annealed rULGO and 
PU/rULGO fibres suggested partial reduction of ULGO under the annealing 
conditions. Annealing at 170 °C for 12 h provided a higher level of reduction due to 
lower ID/IG ratio. This finding was in agreement with the higher conductivity of the 
PU/rULGO fibre annealed under this condition. 
 
Table ‎5.2 Raman characteristics of as-spun ULGO and PU/ULGO fibres and 
annealed rULGO and PU/rULGO fibres 
 G band (cm
-1
) D band (cm
-1
) ID/IG 
ULGO Fibre As-spun 1602 1338 1.36 
rULGO Fibre @ 170 °C 12h 1598 1340 1.17 
rULGO Fibre @ 180 °C 1h 1602 1334 1.22 
PU/ULGO Fibre No. 8 As-spun 1602 1330 1.30 
PU/rULGO Fibre No. 8 @ 170 °C 12h 1600 1332 1.17 
PU/rULGO Fibre No. 8 @ 180 °C 1h 1600 1330 1.21 
 
5.3.9 Effect of ULGO loading on conductivity of annealed PU/rULGO fibres 
Electrical properties of PU/rULGO fibres annealed at 170 °C for 12h were measured 
using four-point probe method. Figure  5.19 shows the conductivity of PU/rULGO 
fibres at different loadings of rULGO. Values of rULGO wt. % and volume fraction 
were calculated for based on oven reduction of ULGO under the annealing condition 
used. Isotropic, biphasic, and nematic phases were shown on the figure to indicate 
the effect of liquid crystallinity on electrical properties of PU/rULGO fibres. The 
onset of conductivity was observed at 0.19 wt. % rULGO (No. 4) in the biphasic 
region. Conductivity of PU/rULGO fibres increased with rULGO loadings. Two 
distinct regions were observed with rULGO loading upon the electrical conductivity 
of PU/rULGO fibres: a) rULGO content of up to 3.75 wt. % where conductivity of 
PU/rULGO fibres increased slowly and b) above 3.75 wt. % where a rapid increase 
in conductivity was observed with rULGO loadings up to a 100 wt. % rULGO fibre 








Figure  5.19 Conductivity of PU/rULGO fibres annealed at 170 °C for 12h 
 
Percolation theory, presented by equation  2.2 was used to fit the conductivity 
data of PU/rULGO fibres in the first region (up to rULGO content of 3.75 wt. %) 
where    is the percolation threshold,    is the proportionality coefficient and   is a 
critical exponent representing the geometry of the conducting network.
114
 A very 
good fit for this region with R
2
 of 0.95 was obtained as seen in Figure  5.19. A very 
low percolation threshold of     6.1 × 10
-4
 (equivalent to rULGO 0.11 wt. %) was 
calculated from the fit which was lower than the experimental onset of conductivity 
(  1.1 × 10-3 equivalent to 0.19 wt. %, No. 4). Significantly, the calculated 
percolation threshold coincides with the onset of the LC biphasic region. This 
suggests that the very low percolation threshold was the direct result of ULGO 





 indicated that the ULGO sheets were probably coated with PU, indicative of a 
strong interaction between PU and rULGO sheets. The low value of   (0.35) 
demonstrated that charge transport occurred very effectively between the rULGO 
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of 3.75 wt. %) where conductivity of PU/rULGO fibres increased with rULGO 
loading more significantly. A model similar to equation  2.2, but without the term    
(due to rULGO loadings being well above the percolation threshold), was used to fit 
the data in this region. In this region,    was calculated at 0.26 S cm
-1
 which was 
close to the measured conductivity of the pristine (100 wt. %) rULGO fibre (0.31 ± 
0.06 S cm
-1
). This suggested a higher level of rULGO sheet contacts inside the PU 
host. The value of   also increased to 1.29, a value that was very close to the 
expected for a two-dimensional conducting network (1.3). 
 
     (    )
  ( 5.2) 
 
As discussed in Chapter 4, due to an insulating coating layer of host polymer on 
conductive filler particles in a composite system, charge transfer between nearby 
conductive particles occurs with some difficulty, resulting in a relatively low 
conductivity in the first region. In the second region, more effective charge transfer, 
due to a lower content of insulating PU, gave rise to the production of highly 
conductive PU/rULGO fibres. Higher values of   have been previously reported to 
relate to the greater tunnelling barriers between the fillers leading to lower 
conductivities at low filler contents.
9
 Therefore, the very low value of   in the first 
region suggests the production of PU/rULGO fibres with high conductivities at low 
rULGO contents. 
5.3.10 Effect of ULGO sheet size 
To investigate the effect of ULGO sheet size on the mechanical and electrical 
properties of PU/(r)ULGO fibres, fibres were produced from the same PU/ULGO 
spinning formulations (ULGO 2.87 wt. %, No. 8); however the ULGO dispersions 
were sonicated under two different conditions prior to the spinning formulation 
preparation step: a) bath sonication for 10 min (mild) and b) probe sonication for 30 
min (harsh). ULGO under the above sonication conditions exhibited lower lateral 
sheet sizes (2.5 ± 2.4 μm and 0.3 ± 0.2 μm respectively, Figure ‎5.1) and different 
birefringence behaviours (Figure ‎5.3). Figure ‎5.20 shows stress-strain curves for 
tensile and elastic recovery tests on the as-spun PU and PU/ULGO fibres (fabricated 






Figure ‎5.20 Stress-strain curves for a) tensile test and b) elastic recovery test on as-
spun PU/ULGO fibres (No. 8, ULGO loading 2.87 wt. %) obtained from ULGO with 
different sheet sizes. [ULGO lateral sheet sizes of 12.1 ± 8.1 μm for No Sonication, 
2.5 ± 2.4 μm for Bath Sonication 10 min, and 0.3 ± 0.2 μm for Probe Sonication 30 
min] 
 
Figure  5.21 shows the mechanical properties of as-spun PU/ULGO fibres (No. 8, 
ULGO loading 2.87 wt. %) with different ULGO sheet sizes. PU/ULGO fibres 
obtained from sonicated ULGO dispersions of the same concentration (smaller 
sheets), exhibited significant reductions in Young’s modulus and yield stress (stress 
at 5 % strain). Harsh sonication resulted in very high drops in Young’s modulus and 
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yield stress of PU/ULGO fibre to 68 ± 11 MPa and 1.3 ± 0.5 MPa respectively (258 
± 14 MPa and 7.9 ± 0.4 MPa respectively for the PU/ULGO fibre with no 
sonication). These values of Young’s modulus and yield stress were still noticeably 
higher (more than 23-fold and more than 7-fold) than those of the pristine PU fibre. 
The significantly higher Young’s modulus and yield stress for ULGO was due to its 
higher aspect ratio which resulted in higher reinforcement. This finding was in 
agreement with an earlier report on higher reinforcement in PU/SEG composites with 
larger SEG sheets.
45
 The tensile strength of the PU/ULGO fibre produced from the 
mild sonicated ULGO was slightly higher than that of the corresponding original 
fibre which decreased to a lower value after harsh sonication. This could be related to 
availability of more surface functional groups in broken ULGO sheets which provide 
more interactions with PU. However, due to the weaker reinforcement effect of the 
very small ULGO sheets, lower tensile strength (although still higher than the as-
spun pure PU fibre) was observed for as-spun PU/ULGO fibre obtained from ULGO 
dispersion with the harsh sonication (Figure  5.21). Elongation at break and 
toughness of the PU/ULGO fibre obtained from mild sonication of ULGO were in 
the same range (~440% and ~76 MJ m
-3
) with those of the original fibre. Harsh 
sonication, however, resulted in a PU/ULGO fibre with a lower elongation at break 
and toughness than the PU/ULGO fibre obtained without sonication. Therefore 
having ultra-large GO sheets has been demonstrated to be essential to ensure 






Figure  5.21 The effect of ULGO sheet size on tensile properties of as-spun 
PU/ULGO fibres (No. 8, ULGO loading 2.87 wt. %): a)Young’s modulus, b) yield 
stress (stress at 5 % strain), c) tensile strength, d) elongation at break, and e) 
toughness. [ULGO lateral sheet sizes of 12.1 ± 8.1 μm for No Sonication, 2.5 ± 2.4 























































































































The elastic recovery of the PU/ULGO fibres obtained from ULGO dispersions 
with different sheet sizes at applied strains of 50 – 400 % are shown in Figure  5.22. 
Sonication of ULGO slightly improved the elastic recovery of the PU/ULGO fibres. 
A highest elastic recovery was observed for the harsh sonication condition in which 
the ULGO sheet sizes were the smallest. The increase in elastic recovery by 
reduction of sheet size was more pronounced at higher applied strains. The 
enhancement in elastic recovery of PU/ULGO fibres as a result of integration of 
ULGO with lower sheet sizes within the PU host is most likely due to less disruption 
of the PU hard segment domains by the smaller ULGO sheets. The similar rate of 
decrease in elastic recovery by application of strain for the different sonication 
conditions suggested that the strain induced crystallisation of the PU soft segment 
was not significantly affected as a result of ULGO addition. Data for the tensile and 
elastic recovery tests on PU/ULGO fibres with different ULGO sizes are listed in 
Table ‎A.8 in the Appendices. Mechanical properties of PU/rULGO fibres after 
different annealing conditions have also been included. 
 
 
Figure  5.22 The effect of ULGO sheet size on elastic recovery of as-spun PU/ULGO 
fibres (No. 8, ULGO loading 2.87 wt. %).  [ULGO lateral sheet sizes of 12.1 ± 8.1 
μm for No Sonication, 2.5 ± 2.4 μm for Bath Sonication 10 min, and 0.3 ± 0.2 μm for 




























PU/ULGO Bath Sonication 10 min




Figure  5.23 shows the effect of ULGO sonication on conductivity of PU/rULGO 
fibres. The conductivity of PU/rULGO fibres with a rULGO loading of 1.54 wt. % 
(equivalent to 2.87 wt. % ULGO, No. 8) decreased slightly with ULGO sonication 









 for the PU/rULGO 
fibre spun from the original formulation (No Sonication). 
 
Figure  5.23 The effect of ULGO sheet size on conductivity of PU/rULGO fibres 
(No. 8, rULGO loading 1.54 wt. %) annealed at 170 °C for 12 h. [ULGO lateral 
sheet sizes of 12.1 ± 8.1 μm for No Sonication, 2.5 ± 2.4 μm for Bath Sonication 10 
min, and 0.3 ± 0.2 μm for Probe Sonication 30 min] 
 
5.3.11 Strain sensing properties of PU/rULGO fibres 
Fibres with high conductivity and good mechanical properties are needed for strain 
sensing applications. Results of the systematic study revealed that it is possible to 
obtain PU/rULGO fibres with high electrical and mechanical properties. The 
composite fibre with rULGO loading of only 1.54 wt. % (No. 8) annealed at 170 °C 




 and high 
mechanical properties (Young’s modulus 235 ± 60 MPa, yield stress 9.5 ± 0.6 MPa 
tensile strength 28.1 ± 4.4 MPa, elongation at break 318 ± 6 %, toughness 58.3 ± 8.2 
MJ m
-3
) and was chosen for further study. Strain sensing properties of this fibre was 

































electrical resistance during tensile and cyclic stretching. Electromechanical analysis 
of the PU/rULGO fibre during the tensile test revealed the loss of electrical 
properties at strain of ~75 %. Therefore, strain sensing property of this fibre was 
investigated for strains of up to 70 % in the cyclic stretching studies. Figure  5.24 
shows strain sensing behaviour of the PU/rULGO fibre with rULGO loading of 1.54 
wt. % (No. 8) annealed at 170 °C for 12h. Resistance of the fibre increased with 
stretching (loading) and decreased upon removal of the strain (unloading). However, 
in each cycle, the resistance of the fibre after unloading was higher than the 
resistance before loading. The inset in Figure  5.24 illustrates this resistance 
hysteresis for the applied strain of 10 % more clearly. Resistance of PU/rULGO fibre 
increased with increasing the applied strain. The first stretching cycle at each strain 
showed a large increase in resistance. The differences in resistance response were the 
result of unrecoverable loss of conducting paths due to slippage or breakage of 
rULGO sheets during stretching and their re-arrangements and partial establishment 









Figure  5.24 Resistance change by strain for a PU/rULGO fibre with rULGO loading 
of 1.54 wt. % (No.8) during an electromechanical cyclic test 
 
To further investigate the effect of cyclic stretching on resistance of the 
PU/rULGO fibres, values of maximum of (RMax) and minimum (RMin) of resistance 
at each cycle were calculated and are presented in Figure  5.25 at different applied 
strains. RMax and RMin, at each applied strain, showed initial increases but remained 
almost unchanged after the first few cycles depending on the applied strain. The 
difference between RMax and RMin remained constant during cyclic stretching at each 
applied strain (see the difference between solid and dashed lines for each strain). 
Furthermore, the difference between RMax and RMin increased at higher applied 
strains. For strain sensing applications, it is critical to have constant difference 
between maximum and minimum of cyclic resistance at an applied strain. The 
greater this difference, the easier will be to sense the strain. This is the first time that 
behaviour similar to an ideal strain sensor is being reported in a composite system 
and in such a wide range of applied strains (from 10 to 70 %). 
 














































































Figure  5.25 Maximum (RMax) and minimum (RMin) of resistance change in cycles at 
different strains for the electromechanical test on the PU/rULGO fibre (— Rmax and – 
– Rmin) 
 
5.3.12 Biocompatibility of PU/ULGO fibres 
PU/ULGO fibres were tested for their biocompatibilities. Figure ‎4.17 shows 
biocompatibility of the selected PU/ULGO fibre (No. 8, ULGO loading 2.87 wt. %) 
by a cytotoxicity assay with immunostaining method. Human primary skeletal 
muscle cells have been seeded on the fibre to investigate the biocompatibility. It is 
seen that cells attachment and growth were excellent suggesting the biocompatibility 
of the PU/ULGO fibre. Therefore, PU/ULGO fibres are good candidates for 
biomedical applications. 
 

































The behaviour of ULGO dispersions with ultra-large sheets capable of forming liquid 
crystalline phases observed at very low concentrations (< 0.1 mg mL
-1
) was 
demonstrated to be unaffected by the addition of PU. Spinnable formulations with a 
range of PU and ULGO concentrations were investigated over a range of different 
LC regimes to fabricate PU/ULGO fibres via a conventional wet-spinning approach. 
These LC spinning formulations produced PU/ULGO fibres with unprecedented 
ordered structures which were the first reported observation in ULGO-based 
composite fibres. ULGO was partially reduced in PU/ULGO fibres by optimised 
thermal annealing and conductivity was realised for PU/rULGO fibres at extremely 
low rULGO loading of 0.19 wt. %. The calculated percolation threshold was even 
lower (0.11 wt. %) and coincided with the onset of nematic LC domains formation in 
PU/ULGO dispersions. Very high reinforcement rates were achieved for 
PU/(r)ULGO fibres of up to one order of magnitude higher than reported values in 
the literature for elastomeric composites. This outstanding rate of reinforcement was 
shown to be the direct result of the ultra-large size of ULGO sheets. The soft 
segment domains of the PU were largely unchanged by the ULGO addition and the 




observation that the Tg of PU was unaffected by the addition of ULGO as well as the 
same slope of stress-strain curves in strain hardening region and similar rates of 
decrease in the elastic recovery by the application of strain at different ULGO 
loadings (up to ~3 wt. %). This finding was a significant achievement as it allowed 
production of PU/ULGO fibres with very high stretchability and tensile strengths that 
are unrivalled in filled elastomers. A combination of liquid crystallinity, ultra-large 
size of ULGO, hard segment reinforcement, and thermal reduction resulted in stiff, 
tough, highly stretchable, and conducting elastomeric PU/rULGO fibres with ordered 
structures. Electromechanical analysis on an optimal PU/rULGO fibre revealed strain 
sensing capability over a wide range of applied strains from 10 to 70 %. It was 
observed that after first few cycles (depending on the applied strain), values of the 
maximum and minimum resistance remained almost unchanged suggesting that a 
constant difference indicative of an ideal strain sensing behaviour. This was the first 
time that behaviour similar to an ideal strain sensor has been reported in a composite 
fibre system with such a wide range of applied strain. Furthermore, cytotoxicity 
assays on PU/(r)ULGO fibres confirmed their biocompatibility. Therefore, these 
fibres could potentially be used for combined electrical and mechanical stimulation 
of living cells and as implants. Continuous fabrication of PU/ULGO fibres also 
allows for scalable production and assembly of smart textiles for applications in body 
movement measurement and biomedical monitoring. 
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Strain sensors based on wet-spun PU/PEDOT:PSS and PU/rULGO fibres were 
investigated in Chapters 4 and 5. The use of other conducting fillers and elastomeric 
hosts for fabrication of conducting elastomeric composite fibres for strain sensing 
purposes is investigated in this chapter. Carbon black (CB), single walled carbon 
nanotube (SWCNT), solvent exfoliated graphene (SEG), and chemically converted 
graphene (CCG) are integrated within the polyurethane (PU) elastomeric host via the 
same wet-spinning scheme as described before. Low price of CB,
1,2
 wide usage of 
carbon nanotubes as conducting filler,
3–6
 facile production of SEG,
7,8
 and large scale 
synthesis of CCG
9
 are the main motivations behind employing these fillers. The 
integration of different fillers also enables comparison of strain sensing properties of 
various PU based fibres and optimise the system according to the type of filler. 
In this study, poly(styrene-b-isobutylene-b-styrene) (SIBS) was also used as 
another elastomeric host within which highly conducting PEDOT:PSS was 
incorporated to produce wet-spun SIBS/PEDOT:PSS fibres for use as strain sensors. 
The high stability of SIBS within the human body makes it a good candidate for 
medical applications, such as implants.
10
 The production of conducting elastomeric 
fibres based on SIBS will provide a suitable platform for a range of wearable and 





 fibres have already produced and used for strain sensing 
applications. 
Applicability of other processing routes to build fibre based strain sensors was 
also explored. Melt-spinning has been used previously for fabrication of 
PU/MWCNT fibre based strain sensors.
16
 In this thesis, melt-spinning was also 
employed to fabricate fibres from PU with PEDOT:PSS and ULGO conducting 
fillers and compared to the wet-spinning approach. Melt-spinning offered a facile 







6.2.1 Preparation of wet-spinning formulations from PU composites  
6.2.1.1 PU/CB 
In order to prepare PU/CB spinning formulations, CB (VULCAN
®
 XC72R, Lot No. 
GP-3919) was first dispersed in DMF at concentration of 5 mg mL
-1
 by the aid of 
probe sonication (Branson Digital Sonifier S-450D equipped with a 1/2" Disruptor 
Horn and a 1/8" Microtip) at 30 % amplitude for 60 min. PU at different 




, Continental Carbon, Lot No. P1001) was dispersed in CHP at a 
concentration of 0.5 mg mL
-1
 by probe sonication at 30 % amplitude for 30 min. 
PU/SWCNT spinning formulations were prepared by dissolving PU at different 
concentrations in the SWCNT dispersion. 
6.2.1.3 PU/CCG 
PU was dissolved at different concentrations in the CCG dispersion in DMF (0.5 mg 
mL
-1
). Due to the low concentration of CCG, low amounts of PU were used to 
achieve sufficient CCG loadings. The PU/CCG dispersions were then concentrated 
up to four times by the evaporation of solvent using a rotary evaporator (Heidolph 
Laborota 4000 Efficient) to obtain PU/CCG formulations with sufficient viscosities 
for wet-spinning purposes. To ensure having aggregate-free dispersions, the PU/CCG 
formulations were probe sonicated for 30 min at 30 % amplitude. 
6.2.1.4 PU/SEG 
PU/SEG spinning formulations were prepared by dissolving different amounts of PU 
into SEG dispersion in CHP (3.3 mg mL
-1
). 
6.2.2 Wet-spinning of PU composite fibres 
PU/CB, PU/SWCNT, PU/CCG, and PU/SEG fibres were fabricated based on the 
solvent/non-solvent combinations established in Chapter 3 by wet-spinning of the 
corresponding dispersions using vertical coagulation baths of isopropanol at 




Annealing of PU/SWCNT and PU/SEG fibres were carried out at the stretched 
state (on the winder) in an oven (Binder E28) at 170 °C for 12 h in air and under the 
atmospheric pressure. 
6.2.3 Wet-spinning of SIBS/PEDOT:PSS fibres 
PEDOT:PSS (Agfa Orgacon
TM
 Dry, Batch No. A06 0000BY) dispersion in THF (20 
mg mL
-1
) was prepared using the procedure described in Chapter 2. SIBS (MW 
80,000–130,000 g mol
-1
, Boston Scientific, Batch No. 5000587522) was separately 
dissolved in THF at various concentrations and then mixed with the PEDOT:PSS 
dispersion at different ratios. SIBS/PEDOT:PSS spinning formulations were 
subsequently wet-spun into a vertical coagulation bath of isopropanol and 
SIBS/PEDOT:PSS fibres were achieved. 
6.2.4 Melt-spinning of PU composite fibres 
In order to prepare PU/PEDOT:PSS and PU/ULGO composites for melt-spinning, 
PU/PEDOT:PSS and PU/ULGO formulations were first prepared in DMSO and 
DMF respectively according to the recipes described in Chapter 2. The dispersions 
were then precipitated using ethanol. Subsequently, solid PU/PEDOT:PSS and 
PU/ULGO composites vacuum dried at 50 °C using an oven (Memmert VOcool) 
attached to a vacuum pump (Buchi V-700) and then cut into pieces. 
PU, PU/PEDOT:PSS, and PU/ULGO fibres were produced using a bench-top 
melt-extrusion pump (Micro Melt Pump, Barrell Engineering). Approximately 10 g 
of PU granules (as received), PU/PEDOT:PSS or PU/ULGO composites were fed to 
the pot of the melt extrusion system and heated to 230 °C for 1 h. Degassing was also 
performed during this period to eliminate the bubbles formed. Melt PU or composites 
were then passed through a 0.2 mm die with a controlled feed rate of 20 Hz using the 
metering pump. Fibres were produced continuously and collected on a winder. 
6.2.5 Characterisation of PU and SIBS composite fibres 
Mechanical, electrical, and electromechanical characterisations of all fibres were 
carried out according to the methods described in Chapter 2. Raman mapping was 
performed on Jobin Yvon Horiba HR800 with a 632 nm laser line and a 300-line 
grating (resolution of ±1.25 cm
-1




6.3 Results and discussion 
6.3.1 Wet-spun PU composite fibres 
PU/CB, PU/SWCNT, PU/CCG, and PU/SEG fibres were successfully produced by 
wet-spinning approach as a result of careful solvent selection, exploiting high quality 
and aggregate-free dispersions, right viscosity of spinnable formulations, and 
optimised spinning conditions. Since high-quality conducting filler dispersions were 
of relatively low concentrations, PU dissolved in the dispersions with incrementally 
decreased concentrations to maximise the filler loadings. Table ‎1.2 lists all the 
experimental conditions investigated. 
 












CB 0.0 50.0 0.0 
CB 5.0 45.0 10.0 
CB 5.0 25.0 16.7 
SWCNT 0.0 40.0 0.0 
SWCNT 0.5 50.0 1.0 
SWCNT 0.5 30.0 1.6 
SWCNT 0.5 20.0 2.4 
SWCNT 0.5 15.0 3.2 
SWCNT 0.5 10.0 4.8 
CCG 0.0 50.0 0.0 
CCG 0.5 7.5 6.3 
CCG 0.5 6.0 7.8 
CCG 0.5 4.5 10.0 
CCG 0.5 4.0 11.1 
CCG 0.5 3.5 12.5 
CCG 0.5 3.0 14.3 
SEG 0.0 40.0 0.0 
SEG 3.3 25.0 11.5 
SEG 3.3 23.0 12.4 




6.3.1.1 Electrical conductivity of PU composite fibres 
The effects of filler type and loading on the electrical conductivity of the PU 
composite fibres were investigated. Figure ‎6.1 shows the conductivity of the fibres 
produced at different conditions. The values of conductivity are for as-spun PU/CB 
and PU/CCG fibres and annealed (170 °C 12 h) PU/SWCNT and PU/SEG fibres. 
Electrical conductivity of the fibres increased with the filler content in all 




 was achieved for 
PU/CB fibre (16.7 wt. %) within the investigated conditions. SWCNT resulted in the 
lowest percolation threshold (1.6 wt. %) for the PU/SWCNT fibres. Other PU 
composite fibres exhibited significantly higher percolation thresholds (10.0, 12.4, 
and 16.7 wt. % for PU/CCG, PU/SEG, and PU/CB respectively). Values of electrical 
conductivity for PU-based composite fibres are listed in Appendices (Table A.9). 
As-spun PU/SWCNT or PU/SEG fibres, on the other hand, did not show 
measureable conductivities. This is because CHP is not completely removed during 
wet-spinning and the remaining CHP is placed between SWCNT tubes or SEG 
sheets avoiding inter-tube or inter-sheet contacts.
7,8,17
 Annealing the fibres ensures 
complete removal of CHP and realisation of electrical conductivity. 
CBs are typically present in the form of aggregates with complex 
configurations.
1,2
 This results in a relatively high percolation threshold when used as 
filler in polymer composites.
18,19
 Therefore, the high percolation threshold of 
electrical conductivity in PU/CB fibres was attributed to the presence of CB 
aggregates. Lower percolation thresholds in PU/SWCNT, PU/CCG, and PU/SEG 







The significantly higher percolation thresholds in PU/CCG, and PU/SEG fibres than 
the PU/SWCNT system emanate from the wrinkling, crumpling, and rolling of 
graphene sheets, difficulty of interlocking of two dimensional graphene sheets for 
formation of conducting networks, and inefficient edge-to-edge and edge-to-plate 
graphene sheet contacts.
22–24
 Presence of multi-layer graphene sheets in SEG
7,8
 and 
incomplete reduction of GO in CCG
9
 are also other reasons for higher percolation 






Figure ‎6.1 Electrical conductivity of PU composite fibres at different conditions 
 
6.3.1.2 Raman mapping of PU/SEG fibre 
Since as-spun PU/SWCNT and PU/SEG fibres did not show electrical properties, it 
was envisaged that conducting PU/SWCNT or PU/SEG composites were wrapped 
with a layer of insulating PU. Raman mapping was carried out on the cross-section of 
a PU/SEG fibre (SEG 11.5 wt. %) to investigate this hypothesis. Figure ‎6.2a shows 
the cross-section of the fibre investigated in Raman mapping and Figure ‎6.2b 
illustrates the ratio of the intensity of the G band (IG at 1583.1 cm
-1
) over the 
intensity of D band (ID at 1335.9 cm
-1
) along the cross-section of the fibre. It is 
observed in Figure ‎6.2b that the ratio of IG/ID is relatively unchanged in the fibre 
indicating uniform dispersion of SEG in PU. IG/ID along the perimeter of the fibre is 
also similar to that of the inside of the fibre suggesting presence of SEG on the 
surface of the fibre. Therefore, the insulating behaviour of as-spun PU/SEG or 
PU/SWCNT fibres may not be explained in terms of a resistive layer of PU on the 
surface of the fibres and as is explained earlier, it was likely the result of the 
remaining CHP between SEG sheets or SWCNT tubes which hinders charge 
transport. 


































Figure ‎6.2 Raman mapping on PU/SEG fibre with 11.5 wt. % SEG: a) cross-section 
of the fibre and b) IG/ID along the fibre cross-section 
 
6.3.1.3 Mechanical properties of PU composite fibres 
The effects of filler type and loading on mechanical properties of PU composite 
fibres were investigated using tensile tests. Figure ‎6.3a – d show stress vs. strain 
curves for PU/CB, PU/SWCNT, PU/CCG, and PU/SEG respectively. Different 
mechanical properties of neat PU fibres in these figures are reflective of various 
solvents used in preparation of spinning formulations (DMF for PU/CB and PU/CCG 
fibres and CHP for PU/SWCNT and PU/SEG fibres). As demonstrated in Chapter 2, 
neat PU fibres wet-spun from DMF and CHP solutions have different mechanical 
properties. The typical stress-strain behaviour of PU, comprising of three distinct 


































2), has significantly changed. In all cases, an upward shift to a higher stress was 
observed in the first and second (low and medium strain) regions by increasing the 
filler content. The slope of stress-strain curves in the medium strain region has also 
greatly affected and increased by filler loading. PU composite fibres in general 
exhibited lower stretchability. This was found to vary significantly when different 
fillers were used. PU/CB fibres maintained high stretchability (~300 %) even at high 
loading of 16.7 wt. %. PU/SWCNT fibres were stretchable more than 100 % up to 
SWCNT loading of 4.8 wt. %. Loading ~10 wt. % CCG or SEG resulted in PU/CCG 
or PU/SEG fibres with higher than 100 % stretchability which was greatly reduced 
when the filler loading increased further. Tensile strength of the fibres decreased in 
some cases with the addition of the filler (PU/SEG 12.4 and 14 wt. % in 
Figure ‎6.3d) and increased or remained relatively unchanged in respect to the neat 
PU fibres in some other conditions. 
The higher stresses in the low and medium strain regions (the upward shifts in 
stress-strain curves) are the result of hydrodynamic effect
25,26
 and physical and 
mechanical interactions
25
 between the filler particles and PU. Inclusion of filler in the 
soft segment phase of PU brings about interlocking of the filler particles and the PU 
polymer chains in this phase
27
 and is responsible for the increase in the slope of 
stress-strain curves.
28
 These interactions between the filler particles and soft segment 
phase of PU impede the extensibility of PU chains in this phase resulting in a lower 
stretchability in the composite fibre.
28–30
 Another implication of the filler inclusion in 
the PU soft segment phase is the hindrance in the PU chains orientation in this phase 
which is manifested in the thwarted strain-induced crystallisation in the third region 









Figure ‎6.3 Stress-strain curves for tensile tests on a) as-spun PU/CB, b) annealed 
PU/SWCNT, c) as-spun PU/CCG, and d) annealed PU/SEG fibres 
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To elucidate the effects of type and loading of filler on mechanical properties of 
PU composite fibres, values of Young’s modulus, yield stress (stress at 5 % strain), 
tensile strength, elongation at break, and toughness were calculated based on the 
stress-strain curves and presented in Figure ‎6.4. Young’s modulus (Figure ‎6.4a) and 
yield stress (Figure ‎6.4b) increased with filler loading for all PU composite fibre 
systems. The most significant increases were observed for PU/SWCNT fibres 
whereby at the maximum loading of 4.8 wt. % SWCNT, Young’s modulus and yield 
stress of 300 ± 34 MPa and 7.2 ± 1.8 MPa were achieved respectively compared to 
the Young’s modulus of 6.0 ± 0.7 MPa and yield stress of 0.26 ± 0.08 MPa for the 
neat PU fibre. At a specific loading, SWCNT resulted in higher Young’s modulus 
and yield stress in the composite fibre than the PU/CCG fibre with the same loading 
of CCG which itself presented higher Young’s modulus and yield stress than the 
PU/SEG fibre with similar SEG content. Young’s modulus and yield stress of the 
PU/CB fibre containing the same loading of CB were the lowest. 
Tensile strength (Figure ‎6.4c) of the PU/CB, PU/CCG, and PU/SEG fibres 
increased immediately after the first loading of the filler (10.0, 6.3, and 9.8 wt. % for 
CB, CCG, and SEG respectively) from 25.9 ± 7.4 for the neat PU fibre to 39.7 ± 3.1 
MPa and to 42.2 ± 0.9 MPa for PU/CB and PU/CCG fibres respectively and from 
21.0 ± 2.3 MPa to 30.8 ± 5.8 MPa for the PU/SEG fibres. After that, tensile strength 
of those fibres decreased with increasing the loading of the filler reaching the tensile 
strength value of the neat PU fibre or a lower value (7.4 ± 0.3 MPa at 12.4 wt. %) in 
the case of the PU/SEG fibres. For the PU/SWCNT fibres, a slight decrease in tensile 
strength was accompanied by an increase whereby at 4.8 wt. % SWCNT, tensile 
strength of 31.2 ± 2.7 MPa was achieved. Since the investigated loadings varied for 
different fillers (due to limitations in preparation of spinning formulations), it is hard 
to compare the effect of type of filler on tensile strength. However, comparing the 
results at ~10 wt. % filler content indicates that the highest tensile strength was 
achieved for the PU/CB fibre. At the same filler loading, tensile strengths of 
PU/CCG and PU/SEG fibres were almost identical. At loading of 5 – 6 wt. %, the 
PU/CCG fibre exhibited the highest tensile strength. 
PU composite fibres exhibited decreasing trends in the elongation at break with 
the loading of fillers (Figure ‎6.4d). Elongation at break of PU/CB, PU/CCG, and 




and 30 ± 6 % after loading of 16.7, 12.5, and 14.0 wt. % CB, CCG, SEG 
respectively. For the PU/SWCNT fibres, elongation at break decreased immediately 
to 116 ± 9 % by 1.6 wt. % loading of SWCNT and remained relatively unchanged by 
further increasing the SWCNT content up to 4.8 wt. %. Type of filler also played a 
very important role in elongation at break of the PU composite fibres. At the loading 
of ~10 wt. %, the PU/CB fibre presented the highest elongation at break. PU/CCG 
and PU/SEG fibres showed similar elongation at break values at 10 – 14 wt. % of the 
filler content. At loading of 5 – 6 wt. %, PU/CCG fibre exhibited a higher elongation 
at break than that of the PU/SWCNT fibre. 
Toughness (Figure ‎6.4e) of PU/CB and PU/CCG fibres showed an initial jump 
from 27 ± 8 MJ m
-3
 for the neat PU fibre to 61 ± 9 and 79 ± 3 MJ m
-3
 at 10.0 wt. % 
CB and 6.3 wt. % CCG respectively before it decreased reaching to a lower value 
than the neat PU fibre in the case of PU/CCG fibres (5 ± 3 MJ m
-3
 at 11.1 wt. % 
CCG). PU/SEG fibres exhibited a steady decrease in toughness with the SEG content 
whereby at the loading of 14.0 wt. %, toughness of 1.5 ± 0.5 MJ m
-3
 resulted. 
Toughness of the PU/SWCNT fibres after a prompt fall, increased with the SWCNT 
loading almost matching the toughness of the neat PU fibre (28 ± 4 MJ m
-3
). 
Comparing different fillers, the PU/CB fibre exhibited the highest toughness at the 
filler loading of ~10 wt. % and the toughness values of the PU/CCG and PU/SEG 
fibres at this level of loading were similar. CCG resulted in a toughness of the 
composite fibre which was significantly higher than that of PU/SWCNT fibre 
(comparison at loading of 5 – 6 wt. %). Table A.9 (Appendices) lists the values of 
mechanical properties for all PU-based composite fibres. 




 of filler and 
PU account for the increase in Young’s modulus and yield stress by addition of filler 
to PU. Higher reinforcement effects of SWCNT, CCG, and SEG in respect to CB 
emanate from their significantly high aspect ratios (reaching 10
4
) as well as their 
very high stiffness.
33–36
 Higher reinforcing effect of SWCNT than CCG and SEG 
observed in this work has also been reported previously for MWCNT filled rubber.
27
 
Greater physical interactions of SWCNT with the PU host and network formation
27
 
are responsible for the higher levels of enhancement in Young’s modulus and yield 
stress for the PU/SWCNT fibres. Tensile strength of PU composites will be 




particles and the PU host, interruption of the strain-induced crystallisation in the PU 
soft segment phase, and disruption of the hard segment domain as a result of filler 
addition.
28–32
 The first effect results in an increase in tensile strength whereas the 
latter effects decrease tensile strength of the composite fibre. At low filler loadings, 
the interaction effect of filler particles and the PU host dominates the other two 
factors. Therefore, tensile strength of the PU composite fibre increases. At high 
loadings, however, disruption of the PU soft segment crystallisation and damages in 
the PU hard segment domains become dominant resulting in decreasing the tensile 
strength of the composite system. Significantly lower tensile strength of the PU/SEG 
fibres at high SEG loadings compared to other composite fibres with similar loadings 
can be expressed in terms of relatively large multi-layer sheets of SEG
8,37
 which 
greatly impedes the strain-induced crystallisation phenomenon and significantly 
damages the PU hard segment domains. The decrease in the elongation at break of 
the PU composite fibres is associated with the hindered extension of PU soft segment 
chains as a result of incorporation of filler particles in the PU soft segment phase.
28–30
 
Greater interactions of SWCNT with the PU which provides higher interlocking
27
 
was responsible for the lower elongation at break of the PU/SWCNT fibre compared 
to the PU/CCG fibre at relatively similar loadings. The increased elongation at break 
of the PU/CB fibre with 10.0 wt. % CB compared to that of the neat PU fibre could 
be attributed to damage in the PU hard segment domains as a result of the addition of 
CB. A combination of all above effects was manifested in the toughness of the PU 
composite fibre. Generally, higher reinforcement, greater interactions of the filler and 
the PU, lower interruption of strain-induced crystallisation of the PU soft segment, 
and limiting damages to the PU hard segment domains as a result of filler addition 






Figure ‎6.4 Mechanical properties of PU composite fibres: a)Young’s modulus, b) 
yield stress (stress at 5 % strain), c) tensile strength, d) elongation at break, and e) 
toughness 



























































































































Voigt model (rule of mixture upper-bound),
38
 presented in equation  4.2, was used 
to investigate the reinforcement effect of different fillers. 
 
   (      )     ( 6.1) 
 
In this equation,    and    are Young’s moduli of the filler and the polymer (PU),   
is the volume fraction of the filler and   is the filler efficiency factor. Density of 1.8, 










 were considered in 
calculating the volume fractions. Figure ‎6.5 shows the best fit achieved by the Voigt 
model for different PU composite fibre systems. Of particular importance is the slope 
of Young’s modulus versus volume fraction (     ) which is referred to as the rate 
of reinforcement.       was calculated as 6.52, 2.15, 0.97, and 0.15 GPa for the 
PU/SWCNT, PU/CCG, PU/SEG, and PU/CB fibres respectively. As discussed 
earlier, effects such as higher aspect ratios,
33–36
 effective interactions of filler 
particles and PU,
5,25,41
 filler network formation,
27,42
 and low damage of PU hard 
segment domains
28–32
 are contributing factors in achieving a higher rate of 
reinforcement.       of 6.52 GPa for PU/SWCNT fibres was significantly higher 
than reported values for filled elastomers (~3.8 GPa for PU/SWCNT,
31
 ~3.7 GPa for 
PU/phenyl isocyanate-treated GO,
43
 ~2.4 GPa for PU/SEG,
32
 and ~1.0 GPa for 
PU/MWCNT
3
). The very high rate of reinforcement achieved in this study for 
PU/SWCNT fibres emanate in part from the high exfoliation of SWCNT and 







Figure ‎6.5 Reinforcement effect of fillers in PU composite fibres (the linear lines 
represent the best fits obtained by the Voigt model) 
 
6.3.1.4 Strain sensing of PU composite fibres 
PU composite fibres were investigated for their strain sensing behaviours through 
electromechanical cyclic tests. PU/SWCNT, PU/CCG, and PU/SEG fibres lost their 
electrical conductivity when stretched by as much as few percent and did not exhibit 
large strain sensing which was the ultimate goal of this study. The PU/CB fibre with 
CB loading of 16.7 wt. % remained conductive when stretched up to a maximum 
strain of 20 %. However, the resistance signal was not clear above 10 %. Figure ‎6.6 
illustrates strain sensing of the PU/CB fibre during an electromechanical cyclic test 
at 10 %. A mixed resistance response was observed. During the first cycle, resistance 
of the fibre increased with stretching and decreased during unloading. This trend was 
reversed from the second cycle and stretching resulted in decreasing the resistance 
while it increased by unloading. A more reproducible resistance response was 
achieved after the third cycle for which resistance returned to its initial (unstretched) 
value. The PU/CB fibre also offered sensitive strain sensing with a gauge factor of up 
to ~-10 at 10 % strain. The applicability of the PU/CB fibre strain sensor, however, is 
limited to relatively low range of strain. The two different strain sensing behaviours 
(positive in the first cycle and negative from the second cycle) may be explained by 
filler particle rearrangements and restructuring of the conducting networks. In the 







































first cycle, breakage of the conducting filler particle networks occurs by stretching 
which results in the increase of the resistance by strain. Stretching, however, can 
align filler particles and give rise to formation of the new conducting networks. This 
happens after the first cycle when resistance increases with stretching as a result. Due 
to lower deformation of the conducting filler particle networks at higher cycles, the 
mechanism of strain sensing was mainly driven by the alignment effect. Hence, an 
improved reproducibility and reversibility was achieved for the resistance response. 
  
 
Figure ‎6.6 Resistance change by strain for the PU/CB fibre with CB loading of 16.7 
wt. % during an electromechanical cyclic test 
 
6.3.2 Melt-spun PU composite fibres 
Apart from wet-spinning as the most viable route for production of conducting 
elastomeric composite fibres, melt-spinning has also been exploited as a facile 
alternative for fabrication of such fibres. While the simplicity of the melt-spinning 
approach is often an advantage, there are some limitations for this technique that are 
apparent. Incorporation of fillers into a polymer host often changes its melt 
properties (e.g. melt point and melt flow) which significantly affect feasibility of 
melt-spinning process. Different processing routs are also known to have significant 
impact on properties of final fibres.
16
 Therefore, it can be expected that the melt-spun 



































fibres may exhibit electrical and/or mechanical properties that are different from their 
wet-spun counterparts. 
Neat PU fibre was produced by melt-spinning of PU granules. PU/PEDOT:PSS 
and PU/ULGO fibres were also fabricated at different loadings of PEDOT:PSS and 
ULGO by melt-spinning of the composites obtained through non-solvent 
precipitation of the dispersions (Experimental section). Maximum loading of 1.0 and 
0.37 wt. % of PEDOT:PSS and ULGO respectively were successfully incorporated 
within the PU through the composite melt-spinning approach. Higher loadings of 
PEDOT:PSS and ULGO resulted in low melt flow (high melt viscosity) which 
hindered the fibre fabrication. The melt-spun PU/PEDOT:PSS and PU/ULGO fibres 
are shown in Figure ‎6.7. 
 
 
Figure ‎6.7 Photograph of melt-spun a) PU/PEDOT:PSS fibre with 1.0 wt. % 






Melt-spun PU/PEDOT:PSS and PU/ULGO fibres were evaluated for their 
electrical properties. No measureable conductivity was observed for these fibres at 
the investigated loadings (up to 1.0 wt. % PEDOT:PSS and up to 0.37 wt. % for 
ULGO). For the PU/PEDOT:PSS fibre with 1.0 wt. % PEDOT:PSS and for the 
PU/ULGO fibre with 0.15 wt. % ULGO, it was not surprising that no electrical 
properties were realised as their wet-spun fibres did not exhibit conductivities at the 
same loadings (Chapter 4 and Chapter 5). Therefore, these loadings are below the 
percolation thresholds of the systems and could not result in conductive fibres. 
However, despite the wet-spun PU/ULGO fibre with the ULGO loading of 0.37 wt. 
% being electrically conductive after thermal annealing (Chapter 5, sample No. 4), 
the melt-spun PU/ULGO fibre with the same ULGO loading did not exhibit 
electrical properties. This is while the PU/ULGO composite with the same ULGO 
loading was also electrical conductivity after annealing at 170 °C for 12 h. It was 
expected that melting the PU/ULGO composite at high temperature of 230 °C for 1 h 
would reduce the ULGO to a greater extent (see TGA data in Chapter 5) rendering 
the PU/ULGO fibre conductive. Surprisingly, however, not only was the melt-spun 
PU/ULGO fibre not conductive at the loading of 0.37 wt. %, post-spin annealing of 
the fibre at 170 °C for 12 h did not lead to a conductive fibre either. This could be 
explained in terms of the increased percolation threshold as a result of formation of a 
thick insulating PU layer around the conducting filler particles during the melt-
processing.
44
 Due to the processing melt viscosity limitations, it was not possible to 
increase the ULGO or PEDOT:PSS loadings further and achieve conductive PU 
composite fibres. Changing of the melt-processing route by incorporating the 
conducting filler within the PU during the spinning process may allow fabrication of 
composite fibres with higher filler loadings and yield conductive fibres. 
Mechanical properties of melt-spun PU, PU/PEDOT:PSS, and PU/ULGO fibres 
were also investigated by tensile and elastic recovery tests. Figure ‎6.8 shows the 
tensile stress-strain curves for PU-based fibres produced by melt-spinning. It is 
apparent that the typical stress-strain behaviour of the PU elastomers was greatly 
maintained after PEDOT:PSS and ULGO incorporations within the investigated 
loadings. However, strain induced crystallisation of the PU soft segment was affected 






Figure ‎6.8 Stress-strain curves for tensile tests on melt-spun PU, PU/PEDOT:PSS, 
and PU/ULGO fibres 
 
To further investigate the effect of filler addition on mechanical properties of the 
melt-spun fibres, values of Young’s modulus, yield stress (stress at 5 % strain), 
tensile strength, elongation at break, and toughness were calculated for the fibres and 
presented in Figure ‎6.9. Melt-spun PU composite fibres exhibited a higher Young’s 
modulus and yield stress than those of the neat PU fibre. The highest reinforcement 
was achieved for the PU/ULGO fibre with ULGO loading of 0.37 wt. % for which 
the Young’s modulus increased to 12.0 ± 0.8 MPa from 9.0 ± 0.2 MPa for the neat 
PU fibre. While the melt-spun PU/ULGO fibres exhibited tensile strength of in the 
range of the PU fibre (~50 MPa), PU/PEDOT:PSS fibre (PEDOT:PSS 1.0 wt. %) 
had a significantly lower tensile strength (14 ± 2 MPa). All melt-spun fibres were 
highly stretchable with elongation at break of more than 400 %. Apart from the melt-
spun PU/PEDOT:PSS fibre, other fibres also showed relatively the same toughness 
























PU/PEDOT:PSS 1 wt. %
PU/ULGO 0.15 wt. %





Figure ‎6.9 Mechanical properties of melt-spun PU composite fibres: a)Young’s 
modulus, b) yield stress (stress at 5 % strain), c) tensile strength, d) elongation at 

























































































































Elastic recovery of the melt-spun PU, PU/PEDOT:PSS, and PU/ULGO fibres 
were also investigated (Figure ‎6.10). At 50 % applied strain, elastic recovery of the 
neat melt-spun fibre (93 ± 1 %) showed a slight decrease by PEDOT:PSS or ULGO 
loading. Despite the difference between the elastic recovery of the PU/PEDOT:PSS 
and the neat PU fibre remaining almost constant at higher applied strains, PU/ULGO 
fibres showed more decrease of elastic recovery in respect to the neat PU fibre when 
stretched at higher strains. Mechanical properties of melt-spun PU, PU/PEDOT:PSS, 
and PU/ULGO fibres are listed in Appendices (Table A.10). 
The different behaviour of the PEDOT:PSS and ULGO fillers could be explained 
in terms of their impacts on the PU soft segment phase and hard segment domains. 
Damage of the PU hard segment domains could have occurred as a result of 
PEDOT:PSS addition resulting in a constant decrease of PU elastic recovery at 
different strains. Due to the ultra-large size of ULGO sheets (Chapter 5), 
entanglements between ULGO and PU chains can occur in the soft segment phase of 
PU. As a result of these entanglements, breakage of the PU chains in the soft 
segment can occur by stretching. The broken PU chains will no longer contribute to 
the elasticity of the composite resulting in a lower elastic recovery. Higher stretching 
can result in more failure of PU chains and bring about even more reduction in the 
elastic recovery of the composite fibre. This behaviour was different for the wet-spun 
PU/ULGO fibre where lower decrease of the elastic recovery in respect to the neat 











Figure ‎6.10 a) stress-strain curves for elastic recovery tests on melt-spun PU, 
PU/PEDOT:PSS, and PU/ULGO fibres and b) elastic recovery of the same fibres at 
different applied strains 
 
6.3.3 Wet-spun SIBS/PEDOT:PSS fibres 
SIBS has also been used in this study as the elastomeric host for fabrication of 
conducting elastomeric composite fibres. Solubility of SIBS in THF and 
dispersability of PEDOT:PSS in this solvent enabled preparation of 
SIBS/PEDOT:PSS spinning formulations. Table ‎4.2 shows composition of different 
spinning formulations from which SIBS/PEDOT:PSS fibres were produced by the 























PU/PEDOT:PSS 1 wt. %
PU/ULGO 0.15 wt. %
PU/ULGO 0.37 wt. %

























PU/PEDOT:PSS 1 wt. %
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wet-spinning approach. A typical wet-spun SIBS/PEDOT:PSS fibre is shown in 
Figure ‎6.11. Processing limitations inhibited the fabrication of SIBS/PEDOT:PSS 
fibres with PEDOT:PSS loading of higher than 13.0 wt. %. This was due to the 
limited dispersibility of PEDOT:PSS in THF and spinnability of SIBS at low 
concentrations. 
 
Table ‎6.2 Concentration of SIBS solutions and PEDOT:PSS dispersions in THF and 
PEDOT:PSS contents in the spinning formulations 
Sample 
No. 
























1 100 0 - 100 0 0.0 
2 200 10 1:1 100 10 4.8 
3 200 20 1:1 100 20 9.1 




Figure ‎6.11 Photograph of the wet-spun SIBS/PEDOT:PSS fibre with PEDOT:PSS 
loading of 13.0 wt. % 
Investigation of electrical properties by the four-point probe method showed that 
the SIBS/PEDOT:PSS fibre with the PEDOT:PSS loading of 9.1 wt. % was 








the PEDOT:PSS loading to 13.0 wt. %, a higher conductivity of 0.11 ± 0.1 S cm
-1
 
was achieved for the SIBS/PEDOT:PSS fibre. The higher percolation of 
SIBS/PEDOT:PSS fibres compared to that of the PU/PEDOT:PSS fibres (~2.9 wt. 
%) was due to the lower conductivity of PEDOT:PSS and higher particle size of its 
dispersion in THF (Chapter 4). 
Tensile properties of wet-spun SIBS/PEDOT:PSS fibres were investigated at 
different PEDOT:PSS loadings. Tensile stress-strain behaviour of the 
SIBS/PEDOT:PSS fibres are shown in Figure ‎6.12. Typical stress-strain behaviour 
of elastomeric materials (described earlier) was also presented by the 
SIBS/PEDOT:PSS fibres. A notable feature of the SIBS fibre was its very high 
stretchability which was greatly maintained above 13.0 wt. % PEDOT:PSS loading. 
An upward shift in stress-stress curves (higher stress values) by increasing the 
PEDOT:PSS loading was also seen for the SIBS/PEDOT:PSS fibres. 
 
 




Tensile mechanical properties of SIBS/PEDOT:PSS fibres were calculated the 
stress-strain data and are presented in Figure ‎6.13. Young’s modulus and yield stress 
of SIBS/PEDOT:PSS fibres increased steadily with the SIBS loading whereby at 
PEDOT:PSS loading of 13.0 wt. %, Young’s modulus and yield stress of 26.7 ± 3.1 



















SIBS/PEDOT:PSS 4.8 wt. %
SIBS/PEDOT:PSS 9.1 wt. %




MPa and 1.09 ± 0.12 MPa were achieved respectively compared to the values of 6.9 
± 2.1 MPa and 0.26 ± 0.07 MPa for the neat SIBS fibre. Tensile strength of 
SIBS/PEDOT:PSS fibres also increased with PEDOT:PSS content from 4.2 ± 1.2 
MPa for the neat SIBS fibre to 6.8 ± 0.6 MPa after PEDOT:PSS loading of 13.0 wt. 
%. Elongation at break of the SIBS-based fibres showed a slight decrease by 
PEDOT:PSS content but remained more than 500 % even after PEDOT:PSS loading 
of 13.0 wt. %. SIBS/PEDOT:PSS fibres exhibited an increase in toughness with 
PEDOT:PSS content whereby at 13.0 wt. %, toughness of 18.6 ± 1.3 MJ m
-3
 was 
achieved (compared to 11.0 ± 3.8 MJ m
-3
 for the neat PU fibre). Table A.9 






Figure ‎6.13 Mechanical properties of wet-spun SIBS/PEDOT:PSS fibres: a)Young’s 
modulus, b) yield stress (stress at 5 % strain), c) tensile strength, d) elongation at 
break, and e) toughness 




















































































































A combination of electrical conductivity and high stretchability of the 
SIBS/PEDOT:PSS fibre imparted strain sensing capability to the fibre. An 
electromechanical cyclic test on the SIBS/PEDOT:PSS fibre with the loading of 13.0 
wt. % revealed significant change in resistance by stretching up to 20 % strain. As 
shown in Figure ‎6.14, the resistance of the fibre increased with stretching and 
decreased after unloading. A higher sensitivity was observed at 20 % strain than 10 
%. Low reversibility was observed in resistance response at the first cycle for each 
applied strain, i.e. the resistance signal after unloading was different than the initial 
response. Reproducibility of the resistance response of the SIBS/PEDOT:PSS fibre 
sensor increased at the higher cycles. For instance at the applied strain of 20 %, the 
high and low resistance signals related to the loading and unloading remained almost 
the same at the last three cycles. The sensor’s sensitivity was also improved at the 
last cycles with the gauge factor of ~3 in the last cycle of 20 % applied strain. The 
changes in resistance by strain occur due to interruption, deformation or re-
arrangement of PEDOT:PSS conductive filler particle networks during the strain and 
release periods as discussed in details in Chapter 4. 
 
 
Figure ‎6.14 Resistance change by strain for the SIBS/PEDOT:PSS fibre with 
PEDOT:PSS loading of 13.0 wt. % during an electromechanical cyclic test 
 



































Exploiting optimised dispersing conditions allowed the integration of different 
conducting fillers than the ones used earlier. PU/CB, PU/SWCNT, PU/SEG, and 
PU/CCG fibres were fabricated via the wet-spinning approach from high quality 
composite formulations. This enabled the investigation of impact of different fillers 
on strain sensing capability of PU based composite fibres. Electrical and mechanical 
properties as the prerequisite characteristics of fibre strain sensors were explored at 
various conditions. For the wet-spun PU based fibre systems, SWCNT resulted in the 
significantly lower percolation threshold (~1.6 wt. %) of electrical conductivity than 
CB, CCG, and SEG (percolation threshold ≥10 wt. %). While high CB loading (16.7 
wt. %) did not result in significant mechanical reinforcement, original stretchability 
of the PU was not greatly affected (elongation at break of ~270 % for the PU/CB 
fibre). On the other hand, SWCNT, SEG, and CCG incorporation within the PU 
resulted in a significant reinforcement with sacrifice of some stretchability. The 
highest rate of reinforcement (~6.5 GPa) was achieved for PU/SWCNT fibres which 
was almost double the literature value for filled elastomers. Among the wet-spun PU 
based fibres, the PU/CB fibre exhibited strain sensing properties when stretched up 
to 20 % strain. Reproducible and reversible resistance response was achieved after a 
few cycles at 10 % strain (gauge factor ~-10). In change of the elastomeric host, 
SIBS was used for fabrication of wet-spun SIBS/PEDOT:PSS fibres. Conductive 
SIBS/PEDOT:PSS fibre was achieved at PEDOT:PSS loading of 9.1 wt. % and 
above with high stretchability of SIBS being greatly maintained (elongation at break 
>500 %) even at high PEDOT:PSS content of 13.0 wt. %. The wet-spun 
SIBS/PEDOT:PSS fibre (13.0 wt. %) exhibited strain sensing behaviour up to 20 % 
strain (gauge factor ~3). Melt-spinning method was also used as another alternative 
to the wet-spinning approach to fabricate PU/PEDOT:PSS and PU/ULGO fibres. 
Although processing limitations inhibited incorporation of the conducting fillers 
beyond their percolation thresholds, the melt-spinning method showed merit as a 
viable route for facile production of strain sensor fibres. 
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The aim of this thesis was to develop conducting elastomeric fibres for strain sensing 
applications. Such fibres provide the building blocks of strain sensor textiles which 
are highly desirable for wearable and implantable bionics devices. Biocompatibility, 
high electrical conductivity, and excellent mechanical properties are mandatory for 
these applications. In order to fabricate conducting elastomeric fibres, a number of 
organic conductors, i.e. PEDOT:PSS, ULGO, CCG, SEG, SWCNT, and CB, were 
integrated within the biocompatible PU and SIBS elastomeric hosts via conventional 
wet-spinning or melt-spinning techniques. Since incorporation of fillers into 
elastomeric hosts often deteriorates their outstanding mechanical properties,
1–3
 the 
focus was on imparting electrical properties to the elastomeric fibres without 
compromising or preferentially enhancing their mechanical performance. 
Wet-spinning as the most versatile and viable fibre fabrication route was the 
main approach used to develop conducting elastomeric composite fibres. Solubility 
of PU in a variety of organic solvents (DMF, THF, and DMSO) combined with its 
excellent mechanical performance and biocompatibility led to its selection as the 
primary elastomeric host in this thesis. 
Since wet-spinning parameters such as polymer concentration, solvent/non-
solvent system, and flow rate of injection into the coagulation bath are known to 
influence properties of final fibres,
4,5
 the effects of these conditions on wet-spun PU 
fibres were initially investigated. This was carried out in Chapter 3 in order to 
achieve optimum conditions for wet-spinning of PU fibres. DMSO as the solvent and 
IPA/water as the non-solvent composition resulted in dense PU fibres emanating 
from the low mass transfer rate difference for this solvent/non-solvent system. 
THF/IPA (solvent/non-solvent) system, for which the mass transfer rate difference 
was high, promoted the formation of porous PU fibrous structures. The PU fibres 
wet-spun from the DMSO (solvent) and IPA/water (non-solvent) system exhibited 
superior mechanical properties. The highest tensile and elastic recovery 
performances of PU fibres were observed at flow rates of 1 – 5 mL h
-1




concentrations higher than 50 mg mL
-1
. The optimised wet-spinning conditions, 
developed in Chapter 3 for PU fibres, were employed later in fabrication of 
conducting elastomeric PU-based composite fibres. 
Fabrication of conducting elastomeric composite fibres was made possible 
through the careful preparation of spinnable formulations from the composite of an 
elastomeric host and a conducting filler. Selection of the matching solvent, high 
quality, low particle size, and aggregate-free dispersion of the conducting filler at a 
high enough concentration, and uniform distribution of filler particles inside the 
elastomeric host were the critical factors that were successfully addressed throughout 
the thesis to achieve continuous fibre fabrication from the composite formulations.  
PEDOT:PSS as one of the most highly conductive, processable, and 
environmentally stable conducting polymers,
6,7
 appeared to be a promising filler for 
the development of conducting elastomeric composite fibres. Dispersibility of 
PEDOT:PSS in common organic solvents such as DMF, THF, and DMSO enabled 
the preparation of high-quality and well-dispersed composite spinning formulations 
from which PU/PEDOT:PSS fibres were continuously fabricated via the optimised 
wet-spinning method. Production of PU/PEDOT:PSS fibres was the focus of Chapter 
4. In light of the highest electrical conductivity of PEDOT:PSS films cast from the 
DMSO dispersion, PU/PEDOT:PSS fibre production from the DMSO formulations 
was thoroughly investigated. PEDOT:PSS loading was varied to identify the 
spinnable domain and to examine the effect of PEDOT:PSS content on the electrical 
and mechanical properties of PU/PEDOT:PSS fibres. The purpose of this systematic 
study was to achieve an optimum PEDOT:PSS content in PU which resulted in a 
high electrical conductivity and mechanical properties simultaneously. 
Continuous PU/PEDOT:PSS fibres were produced up to 25.0 wt. %, beyond 
which fibre formation was interrupted resulting in discontinuous fibre formation (or 
no fibres at all). A shift from irregular to circular fibre cross-section morphology was 
observed with increasing PEDOT:PSS content. This transition occurred at 13.0 wt. % 
PEDOT:PSS due to the decreased coagulation rate upon increasing PEDOT:PSS 
addition. Onset of electrical conductivity in the PU/PEDOT:PSS fibres was observed 
at ~2.9 wt. % PEDOT:PSS after which conductivity increased steadily in agreement 
with the percolation theory until the maximum conductivity of 25.0 ± 2.0 S cm
-1
 was 




percolation threshold of 2.4 wt. % PEDOT:PSS. From the fit critical exponent ( ) 
and proportionality coefficient (  ) were calculated as 1.27 and 166 S cm
-1
 
respectively. The low value of   suggested low charge transfer barriers between 
PEDOT:PSS particles inside the PU host.    was found to be very close to the 
conductivity of pristine PEDOT:PSS film (160 ± 5 S cm
-1
) indicating good contact of 
PEDOT:PSS particles inside the PU host and achievement of the full potential of 
PEDOT:PSS as the conductive filler. To the best of the author’s knowledge, this is 
the first time that    in the range of conductivity of the pristine filler has been 
reported for an insulting/conducting composite system. 
Mechanical properties testing on PU/PEDOT:PSS fibres revealed an exponential 
increase in Young’s modulus and a relatively linear increase in yield stress (stress at 
5 % strain) with PEDOT:PSS content whereby at 25.0 wt. % loading, a 30-fold 
reinforcement in the Young’s modulus and 20-fold enhancement in yield stress were 
achieved. Tensile strength, elongation at break, and toughness of the 
PU/PEDOT:PSS composite fibres, on the other hand, remained relatively unchanged 
at 45 – 65 MPa, 420 – 470 %, and 60 – 80 MJ m
-3
 respectively up to a PEDOT:PSS 
loading of 9.1 wt. % after which they started to decrease. Elastic recovery of 
PU/PEDOT:PSS fibres decreased with the PEDOT:PSS content. Magnitude of this 
decease, however, was lower at the higher applied strains. 
The systematic study on PU/PEDOT:PSS fibres suggested the possibility of 
obtaining a highly conductive fibre with excellent mechanical properties that were 
suitable for strain sensing application. The PU/PEDOT:PSS fibre achieved from 13.0 
wt. % loading of PEDOT:PSS, presented a high electrical conductivity (~9.4 S cm
-1
) 
with a Young’s modulus (~23.5 MPa) and a yield stress (~4.1 MPa) of higher than 
the original PU fibre and a slightly lower tensile strength (~22.7 MPa), elongation at 
break (~345 %), and toughness (39.8 MJ m
-3
) than the neat PU fibre. This fibre was 
examined for its strain sensing properties. The electrical resistance of the 
PU/PEDOT:PSS fibre increased with applied strain over a wide dynamic range (up 
to ~260 % strain) after which the fibre became insulating. In a cyclic stretching, 
resistance of the fibre increased with strain and decreased when released. Resistance 
of the fibre after release was, however, higher than that of the unstretched fibre 
showing some irreversibility. The reversibility and repeatability of the resistance 




The outstanding electrical and mechanical properties of graphene
8,9
 led to it being 
investigated as another potential filler in conducting elastomeric fibres. The 
alternative form of GO with ultra-large sheet size (ULGO) and the advantages of 
organic solvent dispersability and LC formation,
10–14
 deemed to be the most viable 
form of graphene for the purpose of this research. Production of PU/ULGO based 
conducting elastomeric composite fibres was discussed in Chapter 5. Evidence of 
fully nematic LC phase formation at ULGO concentration of ~0.9 mg mL
-1
 in the PU 
solution (50 mg mL
-1
) was given by birefringence observations. PU/ULGO spinning 
formulations in DMF were prepared at the whole range of ULGO loadings (0 – 100 
%) all of which were proven to be spinnable resulting in continuous fibres. Ordering 
of LC domains of ULGO was shown to be maintained in the solid PU/ULGO fibres 
demonstrating the feasibility of fabrication of ordered structures from composite LC 
formulations. With the aim of achieving PU/ULGO fibres with optimised properties 
for strain sensing purposes, the effect of ULGO loading, thermal annealing (for 
reduction of ULGO), and ULGO sheet size were thoroughly investigated. 
Young’s modulus of PU/ULGO fibres increased sharply with the ULGO content 
and reached a plateau at ~7 wt. % ULGO. A rate of reinforcement of ~15.8 GPa was 
calculated for the PU/ULGO fibres produced in this study which is unprecedented 
among the reported values for the filled elastomers (more than three times that of the 
earlier reports). Large ULGO sheet size and the ordered fibre structure emanating 
from the LC formation of ULGO were shown to be responsible for such an 
outstanding reinforcement. Yield stress of PU/ULGO fibres also increased 
dramatically with the ULGO content. Rate of yield enhancement of ~1.6 GPa was 
achieved for the PU/ULGO fibres which was more than 5 times higher than the 
reported values. In contrast to other studies, by increasing the content of ULGO, 
tensile strength of PU/ULGO fibres also improved, up to a loading of ~7 wt. %. This 
increase was accompanied by a relatively unchanged elongation at break and a more 
than 3-fold enhancement of toughness in respect to the neat PU fibre. However, after 
~7 wt. % ULGO, tensile strength, elongation at break, and toughness of PU/ULGO 
fibres decreased steeply. These superior mechanical properties of PU/ULGO fibres 
were shown to be the result of targeted inclusion of ULGO in the hard segment 




Thermal reduction was chosen as the most viable route for reduction of ULGO to 
achieve conducting PU/rULGO fibres. Systematic study on the effect of annealing 
time and temperature revealed the highest conductivity after annealing at 170 °C for 
12 h. The partial reduction of ULGO within the PU under this annealing condition 
was demonstrated by TGA analysis and Raman spectroscopy. Electrical conductivity 
in the PU/rULGO fibres was realised at extremely low rULGO loading of 0.19 wt. % 
(equivalent to the initial ULGO content of 0.37 wt. %). Fitting the conductivity data 
with the percolation theory suggested an even lower percolation threshold of 0.11 wt. 
% rULGO which is the lowest value reported so far for conducting elastomeric 
composites. Conductivity of the PU/rULGO fibres increased with rULGO content 
reaching a maximum of ~0.31 S cm
-1
 for the neat ULGO fibre. 





and remarkable Young’s modulus (~235 MPa), yield stress (~9.5 MPa), tensile 
strength (~28.1 MPa), elongation at break (~318 %), and toughness (~58.3 MJ m
-3
) 
of the PU/rULGO fibre with rULGO content of ~1.5 wt. % (annealed at 170 °C for 
12h) provided this fibre with suitable properties for the strain sensing application. 
Electromechanical analysis of the nominated PU/rULGO fibre revealed the 
maintenance of the electrical properties up to the strain magnitude of ~75 %. 
Resistance of the fibre increased by strain and decreased when released during a 
cyclic stretching with some irreversible response mainly in the first cycle. A notable 
feature of the PU/rULGO fibre based strain sensor was its ideal strain sensing 
behaviour after a few first cycles. 
Biocompatibility of PU/PEDOT:PSS and PU/ULGO fibres was demonstrated via 
cytotoxicity assays using human primary skeletal myoblast cells (Chapter 4 and 5). 
Cells adhered directly on the fibres indicating that the fibres present a favourable bio-
interface for which the skeletal myoblast cells to interact. 
Other conducting fillers including CB, SWCNT, CCG, and SEG were also 
successfully integrated within the PU host through the wet-spinning scheme (Chapter 
6). Among these fillers, SWCNT resulted in the lowest percolation threshold (~1.6 
wt. %) of the electrical conductivity for the PU/SWCNT fibres. The highest rate of 
reinforcement in this category of fillers was also observed for the PU/SWCNT fibres 
(~6.5 GPa). Other fillers resulted in significantly lower Young’s modulus 




accompanied with some loss of stretchability. However, high stretchability of the PU 
was greatly maintained after relatively high loading of CB (elongation at break of 
~270 % at 16.7 wt. % CB). Strain sensing range of PU/SWCNT, PU/CCG, and 
PU/SEG fibres was lower than 10 %. PU/CB fibres exhibited strain sensing 
behaviour up to 20 % strain. Reproducible and reversible resistance signal was 
achieved after a few cycles at 10 % cyclic stretching during which a negative strain 
gauge behaviour was observed (resistance decreased with strain and increased when 
released). 
Solubility of SIBS and dispersibility of PEDOT:PSS in THF allowed fabrication 
of conducting elastomeric SIBS/PEDOT:PSS fibres (Chapter 6). Electrically 
conductive fibres were produced at PEDOT:PSS loading of 9.1 wt. % and beyond. 
While showing electrical properties with the conductivity of ~0.11 S cm
-1
, 
SIBS/PEDOT:PSS fibre at PEDOT:PSS loading of ~13 wt. % was still highly 
stretchable (elongation at break >500 %). Strain sensing behaviour was demonstrated 
by this fibre up to a strain magnitude of 20 %. During a cyclic stretching, resistance 
response of the SIBS/PEDOT:PSS fibre increased by application of strain and 
decreased when released with some irreversible response. 
The feasibility of melt-spinning for production of conducting elastomeric 
PU/PEDOT:PSS and PU/ULGO fibres was also investigated (Chapter 6). Despite 
continuous fibre fabrication at PEDOT:PSS loading of up to ~1 wt. % and ULGO 
loading of up to ~0.4 wt. %, low melt flow (high viscosity) of the composites at 
higher PEDOT:PSS or ULGO contents inhibited fibre formation. Since these loading 
levels were below the percolation thresholds of PU/PEDOT:PSS and PU/ULGO 
systems, no conductive fibres were achieved. However, the method demonstrated 
potential for facile composite fibre fabrication and might be applicable to other 
conducting elastomeric composite systems. 
7.2 Comparison of properties of fibres produced in this study 
7.2.1 Electrical conductivity 
Figure ‎6.11 shows the electrical conductivity of all composite fibres produced 
throughout this research. The percolation behaviour was observed to be greatly 
dependent on the composite system. The onset of conductivity occurred at a 




other conducting elastomeric composite fibre systems. This was followed by 
PU/SWCNT fibres for which the electrical conductivity was realised at a 
significantly higher loading of SWCNT (~1.6 wt. %). Nevertheless, PU/SWCNT 
fibres exhibited slightly higher conductivities than the PU/rULGO fibres at similar 
loadings of rULGO and SWCNT. This could be attributed to the partial reduction of 
ULGO under the annealing condition employed in this study (170 °C for 12 h). 
PU/PEDOT:PSS fibres possessed significantly higher electrical conductivities than 
other composite fibres developed in this study, although conductivity was achieved 
at a higher loading of PEDOT:PSS compared to rULGO and SWCNT. The 
conductivity of PU/PEDOT:PSS fibres reached to ~25 S cm
-1
 at the maximum 
achievable PEDOT:PSS loading of 25.0 wt. %. PU/CCG, PU/SEG, and PU/CB 
exhibited relatively higher percolation thresholds and/or electrical conductivities. 
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7.2.2 Mechanical properties 
Mechanical properties of all fibres produced in Chapters 4 – 6 are depicted in 
Figure ‎7.2. Enhancement of Young’s modulus and yield stress (stress at 5 % strain) 
by filler content was observed in all composite fibre systems. These enhancements 
were clearly higher for the PU/ULGO fibres than all other composite fibres 
investigated. While tensile strength of PU/PEDOT:PSS, PU/CCG, PU/SEG, and 
PU/CB showed decreasing trends with increasing the filler loading, it was observed 
that the tensile strength of the PU/ULGO and PU/SWCNT fibres remained almost 
unaffected by the content of filler. SIBS/PEDOT:PSS fibres demonstrated 
significantly lower tensile strength values emanating from the lower tensile strength 
of the parent SIBS. Elongation at break of the PU/ULGO, PU/PEDOT:PSS, and 
PU/CB fibres remained relatively constant up to the filler content of ~10 wt. %. 
Further loading of these fillers resulted in a steep decrease of the elongation at break. 
PU/CCG, PU/SEG, and PU/SWCNT exhibited significantly lower elongation at 
break values for which the deterioration of the stretchability occurred at relatively 
lower filler contents than the other PU based composite systems. Due to the high 
ductility of SIBS, composite fibres with PEDOT:PSS exhibited higher values of 
elongation at break, even at a loading of ~13 wt. %. SIBS-based composite fibres 
therefore show promise in applications where high stretchability is required. 
Toughness of PU-based composite fibres remained relatively unchanged for 
PU/PEDOT:PSS system or increased for the PU/rULGO, PU/CCG, and PU/CB 
fibres up to a certain loading level (>10 wt. %) after which it decreased with the filler 
content. PU/SWCNT and PU/SEG fibres demonstrated lower toughness values than 
the other PU-based composite fibres. SIBS/PEDOT:PSS fibres exhibited lower 
toughness compared to the PU composite fibres. However, toughness of SIBS-based 
composite fibres showed an improvement by the PEDOT:PSS content up to the 
maximum investigated loading of 13.0 wt. %. It should be noted that limitations in 
the PEDOT:PSS dispersion concentration and spinnability issues inhibited 






Figure ‎7.2 Mechanical properties of all fibres produced in the course of this thesis 
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7.3 Knitted strain sensor textiles 
The continuous wet-spinning capabilities achieved in the course of this thesis 
enabled the upscaled fabrication of conducting elastomeric composite fibres. 
Figure ‎7.3 shows the wet-spun PU/PEDOT:PSS fibre (13 wt. % PEDOT:PSS, 
optimised condition in Chapter 4) continuously collected on a spool.  
 
 
Figure ‎7.3 Wet-spun PU/PEDOT:PSS fibre collected on a spool 
 
The continuous wet-spun PU/PEDOT:PSS fibre was then knitted individually 
(Figure ‎7.4a) and in the form of a 2ply yarn (Figure ‎7.4b). In addition, the 
PU/PEDOT:PSS fibre was knitted with a wet-spun pure PU fibre (Figure ‎7.4c), a 
commercial PU fibre (Figure ‎7.4d). These results suggest that the PU/PEDOT:PSS 
fibres produced by the wet-spinning method not only have the capability of being 
knitted in a textile, but also they can be incorporated into other wet-spun fibres 
and/or commercial fibres/yarns. To the best of the author’s knowledge, this was the 
first time that a conducting fibre was knitted into textiles by a commercial knitting 
machine. This suggests the possibility of large-scale production of strain sensor 







Figure ‎7.4 Optical microscopy images of knitted a) individual PU/PEDOT:PSS 
fibre, b) 2ply PU/PEDOT:PSS fibre, c) wet-spun PU and PU/PEDOT:PSS fibres, and 
d) commercial PU and wet-spun PU/PEDOT:PSS fibres 
 
7.4 Future work 
The continuous production of conducting elastomeric fibres presented in this thesis 
provides a pathway to fabricating strain sensor textiles. The next step to utilise the 
potential of the conducting elastomeric fibres is to integrate them into woven, 
knitted, or braided assemblies. It is envisaged that enhanced strain sensing will be 
achieved in the form of textiles, as many of the fibres will be placed parallel to each 
other, decreasing the resistance. Employing the textile assemblies based on the 
conducting elastomeric fibres, wearable strain sensors could be fabricated to further 
extend the applicability of the fibres developed herein to the real-life applications. 
It was demonstrated that the conducting elastomeric fibres developed in the 
course of this thesis, are also biocompatible. This will enable to exploit the electrical, 
mechanical, and topological cues for promoting rapid and directional living cell 






Production of sheath/core fibres in which the core is the neat elastomeric 
component and the sheath is the neat conducting component is another approach for 
development of conducting elastomeric fibres for strain sensing purposes. The 
advantages of successful sheath/core fibre assemblies are numerous. Since the 
conducting element is not incorporated within the elastomeric host, the possible 
deterioration of the mechanical properties of the elastomer is avoided. Having the 
conducting component at the surface of the fibre also encourages higher a higher 
conductivity. However, production of such advanced assemblies is challenging and 
there are some issues that need to be addressed. Decent adhesion between the 
conducting layer and the elastomeric host is mandatory for their successful 
applications. Further, formation of crack in the conducting sheath during stretching 
might arise as a result of mechanical mismatch between the two components which 
might greatly affect and hinder their strain sensing performance. 
Melt-spinning offers another viable route for facile production of strain sensor 
fibres. Although no conductivity was observed from the fibres produced in this study 
by the melt-spinning technique, the method has presented merits. Employing other 
elastomer/conductor systems might mitigate the melt flow barrier resulting in 
conducting fibre formation. Achieving higher loadings of PEDOT:PSS or ULGO in 
the PU is another alternative which can ultimately lead to fibres which are 
electrically conducting. This could be achieved using an extrusion system in which 
conducting fillers are mixed with the PU in the melt phase resulting in a possible 
higher melt flow mandatory for successful fibre fabrication through the melt-
spinning scheme. 
A model was presented in this thesis which described the resistance change based 
on filler particle rearrangement during cyclic deformations. Further microstructural 
knowledge and understanding the mechanism of the strain sensing will enable us to 
tailor the properties of the conducting elastomeric composite fibres according to our 
desire. This can also provide the fundamental knowledge essential to build strain 
sensors with large range of strain response and ideal sensing behaviour. 
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at 50% at 100% at 200% at 300% at 400% 
 (µm) (MPa) (MPa) (MPa) (%) (MJ m
-3
) (%) (%) (%) (%) (%) 
DMF 30 mg mL
-1
 into Water 5 mL h
-1
 (H) 94.0±24.5 12.1±2.3 0.52±0.10 15.6±2.9 310.3±9.9 20.6±3.6 90.1±1.8 87.4±0.3 78.1±2.7 66.2±3.6 – 
DMF 40 mg mL
-1
 into Water 5 mL h
-1
 (H) 78.7±17.3 10.2±1.4 0.51±0.12 19.6±2.9 362.7±7.2 28.1±3.3 90.4±1.9 86.1±1.2 77.3±1.7 64.9±2.3 – 
DMF 50 mg mL
-1
 into Water 0.1 mL h
-1
 (H) 71.4±15.9 5.9±1.3 0.32±0.06 11.9±1.5 315.6±39.2 14.4±3.0 86.3±1.5 79.4±1.5 72.2±1.5 55.7±1.4 – 
DMF 50 mg mL
-1
 into Water 1 mL h
-1
 (H) 77.0±50.9 4.7±0.8 0.27±0.07 20.6±3.7 421.9±15.2 25.1±4.6 – 90.2±0.0 87.4±0.0 83.4±0.1 79.7±0.3 
DMF 50 mg mL
-1
 into Water 5 mL h
-1
 (H) 88.0±53.7 6.2±2.8 0.29±0.11 20.8±9.9 394.5±50.9 27.8±17.1 – 90.9±0.7 88.6±0.5 83.9±0.5 – 
DMF 50 mg mL
-1
 into Water 20 mL h
-1
 (H) 164.5±31.9 8.1±2.3 0.37±0.12 14.4±5.9 332.9±43.8 19.0±8.2 89.6±0.1 87.8±0.4 81.3±0.5 78.0±0.1 – 
DMF 100 mg mL
-1
 into Water 1 mL h
-1
 (H) 98.5±41.7 6.9±0.5 0.37±0.02 28.2±2.2 430.7±21.0 35.4±3.8 – 89.9±0.4 87.8±0.5 84.3±0.4 80.7±0.4 
DMF 100 mg mL
-1
 into Water 5 mL h
-1
 (H) 122.0±35.4 9.0±1.7 0.49±0.09 37.4±9.8 448.2±8.9 51.0±12.7 – 86.7±1.5 85.3±1.5 82.0±1.5 77.8±1.4 
DMF 150 mg mL
-1
 into Water 1 mL h
-1
 (H) 111.5±24.7 10.0±0.6 0.52±0.06 29.7±1.9 425.7±10.4 43.2±3.4 – 78.4±0.5 76.3±0.5 73.0±0.4 68.6±0.5 
DMF 150 mg mL
-1
 into Water 5 mL h
-1
 (H) 112.5±16.3 9.4±1.1 0.49±0.05 41.1±7.0 394.2±67.0 48.3±12.7 – 85.7±0.9 84.8±0.6 81.7±1.1 – 
DMF 200 mg mL
-1
 into Water 5 mL h
-1
 (H) 150.0±13.2 14.8±0.5 0.68±0.05 27.7±1.7 363.7±3.4 43.0±2.3 89.3±0.4 87.6±0.6 80.1±1.0 69.6±1.4 – 
DMF 250 mg mL
-1
 into Water 5 mL h
-1
 (H) 161.4±21.0 12.5±1.2 0.58±0.08 29.3±1.7 381.6±13.3 46.3±3.4 89.8±0.7 87.8±0.7 81.5±1.6 73.7±4.3 – 
DMF 50 mg mL
-1
 into EtOH 5 mL h
-1
 (V) 92.8±30.0 3.6±0.7 0.19±0.07 10.1±2.8 342.7±20.8 12.2±3.5 93.4±6.6 89.7±1.6 82.0±2.5 66.6±2.9 – 
DMF 50 mg mL
-1
 into IPA 5 mL h
-1
 (V) 102.2±20.9 2.9±0.8 0.18±0.05 25.9±7.4 418.1±4.0 27.3±7.7 94.7±0.5 93.1±1.1 91.1±0.5 86.5±0.7 78.9±1.1 
DMSO 50 mg mL
-1
 into IPA/Water 5 mL h
-1
 (V) 89.8±4.8 7.2±0.7 0.48±0.09 66.7±8.6 472.1±26.7 79.6±13.3 94.0±0.3 92.7±0.2 89.9±0.3 85.9±0.6 79.9±0.9 
THF 50 mg mL
-1
 into IPA 5 mL h
-1
 (V) 136.6±54.9 2.0±0.5 0.10±0.03 7.4±1.9 395.3±14.0 9.8±2.5 91.3±0.4 88.6±0.2 82.9±0.0 72.6±3.8 – 
CHP 40 mg mL
-1
 into IPA 2 mL h
-1
 (V) 55.3±10.1 6.0±0.7 0.26±0.08 21.0±2.3 392.4±14.7 28.4±3.5 96.5±1.4 89.4±2.1 79.4±3.3 61.1±6.8 – 
PU Melt-spun Undrawn 245.2±7.3 9.0±0.2 0.24±0.14 53.1±11.7 594.9±39.1 98.0±28.1 93.2±0.9 91.2±0.3 88.4±0.5 84.2±0.9 79.6±1.2 





Figure ‎A.1 SEM micrographs of PU fibres wet-spun from: a) DMF 50 mg mL
-1
 into 
water (H) 0.1 mL h
-1
, b) DMF 30 mg mL
-1
 into water (H) 5 mL h
-1
, c) DMF 50 mg 
mL
-1
 into water (H) 5 mL h
-1
, d) DMF 250 mg mL
-1
 into water (H) 5 mL h
-1
, e) DMF 
50 mg mL
-1
 into water (H) 20 mL h
-1
, f) DMF 50 mg mL
-1
 into EtOH (V) 5 mL h
-1
, 
g) DMF 50 mg mL
-1
 into IPA (V) 5 mL h
-1
, i) DMSO 50 mg mL
-1
 into IPA/water 
(80/20, V) 5 mL h
-1
, f) THF 50 mg mL
-1
 into IPA (V) 5 mL h
-1
, and j) CHP 40 mg 
mL
-1











Table ‎A.2 Electrical and mechanical properties of PU/PEDOT:PSS fibres wet-spun from DMSO into coagulation bath of IPA/water (80/20 v/v) 




















at 50% at 100% at 200% at 300% at 400% 
 
(mg mL-1) (mg mL-1) (wt. %) (µm) (S cm-1) (MPa) (MPa) (MPa) (%) (MJ m-3) (%) (%) (%) (%) (%) 
1 50 0.0 0.00 83.6±11.5 0.00±0.00 7.18±0.74 0.48±0.09 66.68±8.59 472.1±26.7 79.58±13.33 94.0±0.3 92.7±0.2 89.9±0.3 85.9±0.6 79.9±0.9 
2 50 1.0 1.96 84.3±8.3 0.00±0.00 9.58±1.18 0.81±0.06 58.58±7.91 454.7±8.7 74.98±11.78 89.7±0.4 89.4±0.4 87.4±0.5 83.8±0.5 79.6±0.7 
3 50 1.5 2.91 81.1±8.2 0.07±0.01 10.64±1.13 0.64±0.03 51.71±4.10 439.7±22.9 65.76±8.45 89.5±0.9 89.6±0.8 87.7±0.2 83.9±0.3 78.4±0.8 
4 50 2.5 4.76 82.5±10.5 1.10±0.11 12.40±1.14 1.17±0.15 53.62±8.23 434.7±24.3 70.62±18.38 86.8±0.5 87.7±0.4 87.2±0.2 83.5±0.3 77.4±0.6 
5 50 5.0 9.09 81.6±8.0 6.08±0.39 15.10±0.83 1.78±0.15 45.61±1.50 419.8±11.7 61.64±2.37 80.6±1.3 82.8±0.7 84.0±0.2 81.4±0.5 76.1±0.8 
6 50 7.5 13.04 83.8±3.5 9.39±0.42 23.47±2.16 4.09±0.45 22.67±3.67 345.2±15.2 39.75±5.27 65.8±0.5 69.9±0.9 72.2±1.2 72.8±2.1 – 
7 50 10.0 16.67 83.8±3.4 13.31±0.94 24.88±2.49 5.29±0.36 11.59±0.74 259.4±29.1 25.11±2.94 62.3±1.6 68.4±1.4 69.9±1.8 – – 
8 40 10.0 20.00 66.5±3.3 18.57±0.93 148.18±11.94 6.39±0.21 8.98±0.29 45.2±12.1 3.62±1.05 – – – – – 






































at 50% at 100% at 200% at 300% at 400% 
(%) (%) (%) (%) (%) 
PU 0.00 50.00 0.00 0.0000 102.2±20.9 2.9±0.8 0.18±0.05 25.9±7.4 418.1±4.0 27.3±7.7 94.7±0.5 93.1±1.1 91.1±0.5 86.5±0.7 78.9±1.1 
1 0.07 50.00 0.15 0.0008 95.0±22.2 6.1±0.4 0.35±0.02 28.7±4.2 414.0±6.8 34.2±5.0 94.0±0.1 93.2±0.0 90.5±0.5 87.1±1.0 81.2±2.3 
2 0.11 50.00 0.22 0.0012 89.7±21.3 8.8±1.9 0.42±0.09 23.2±4.1 411.5±7.2 28.9±5.2 92.9±0.8 91.9±0.5 89.7±0.3 85.8±0.9 80.3±0.2 
3 0.15 50.00 0.30 0.0016 77.9±16.1 17.1±1.2 0.72±0.14 37.0±6.2 404.9±6.4 45.4±6.8 91.8±0.9 91.5±0.2 89.3±0.1 85.2±1.5 79.8±1.4 
4 0.19 50.00 0.37 0.0020 76.8±14.8 18.8±2.2 0.90±0.21 30.6±3.1 415.1±10.3 41.6±3.4 91.2±1.4 90.8±1.6 88.8±2.0 85.2±1.8 78.6±2.8 
5 0.37 50.00 0.73 0.0040 69.7±6.9 40.6±3.1 1.85±0.16 33.7±3.3 424.1±5.7 49.6±4.4 88.9±0.2 89.1±0.5 87.5±0.2 82.8±0.5 77.7±0.8 
6 0.74 50.00 1.46 0.0080 71.7±9.0 116.1±26.3 3.81±0.35 31.2±4.4 407.0±10.3 50.5±7.1 84.7±0.2 85.2±0.1 83.4±0.2 79.4±0.4 75.0±0.4 
7 0.93 50.00 1.82 0.0100 69.3±9.2 102.9±33.3 3.89±0.44 25.5±5.5 383.2±17.4 45.3±10.3 83.1±0.3 83.2±0.5 82.3±0.4 78.7±0.3 74.3±1.7 
8 1.48 50.00 2.87 0.0159 70.2±6.7 257.7±14.2 7.94±0.45 38.9±5.3 436.1±27.5 74.5±13.3 78.1±1.2 77.1±0.7 75.2±1.1 72.1±1.4 68.2±0.7 
9 2.22 50.00 4.25 0.0236 73.6±8.5 338.7±38.4 10.70±1.05 34.7±3.2 451.7±9.1 78.5±8.1 68.0±2.1 67.2±2.9 65.7±3.0 64.0±3.7 61.8±5.3 
10 2.96 50.00 5.59 0.0313 80.1±9.0 433.1±25.6 11.58±0.25 27.9±0.2 442.0±9.0 67.3±1.3 65.0±0.7 63.7±0.6 62.4±0.5 61.4±0.4 60.7±1.0 
11 3.70 50.00 6.89 0.0388 77.8±9.9 707.7±142.8 20.39±3.45 31.1±5.0 395.1±7.9 82.8±14.1 61.7±4.3 54.9±4.6 52.0±5.3 50.7±4.2 – 
12 3.70 20.00 15.61 0.0917 65.1±13.0 1244.4±74.5 – 27.4±2.0 1.9±0.2 0.2±0.0 – – – – – 
13 3.70 5.00 42.53 0.2876 45.6±9.5 1291.7±276.9 – 26.8±3.8 1.4±0.3 0.2±0.1 – – – – – 
14 3.70 1.00 78.72 0.6687 40.9±8.5 1489.2±105.8 – 24.2±2.5 1.9±0.7 0.2±0.1 – – – – – 




















at 50% at 100% at 200% at 300% at 400% 
(µm) (MPa) (MPa) (MPa) (%) (MJ m
-3
) (%) (%) (%) (%) (%) 
As-spun 102.2±20.9 2.94±0.85 0.18±0.05 25.9±7.4 418±4 27.3±7.7 94.7±0.5 93.1±1.1 91.1±0.5 86.5±0.7 78.9±1.1 
150 °C 1h 94.0±23.2 2.74±0.45 0.15±0.01 24.7±5.4 448±8 29.1±6.5 94.8±0.7 94.3±0.3 91.8±0.4 87.9±0.3 80.5±0.6 
150 °C 4h 92.2±25.0 2.31±0.07 0.19±0.01 21.6±0.7 461±10 26.6±1.1 94.2±1.3 93.1±0.4 90.7±0.8 87.2±1.2 80.7±2.3 
150 °C 12h 98.9±21.0 2.92±0.68 0.17±0.02 27.4±6.3 466±17 33.6±7.8 93.4±0.9 93.3±0.5 90.9±0.4 87.7±0.3 81.6±0.4 
170 °C 1h 88.4±26.4 3.65±1.91 0.23±0.11 33.1±10.4 460±31 38.9±10.3 93.6±2.0 93.4±0.8 90.9±0.9 86.7±1.1 78.6±1.2 
170 °C 4h 56.5±16.1 7.65±0.59 0.41±0.14 61.8±2.3 431±22 67.0±0.5 94.3±1.3 93.2±0.8 90.5±0.3 87.0±0.9 78.4±2.1 



































at 50% at 100% at 200% at 300% at 400% 
(%) (%) (%) (%) (%) 
As Spun 70.2±6.7 – 258±14 7.94±0.45 38.9±5.3 436±28 74.5±13.3 78.1±1.2 77.1±0.7 75.2±1.1 72.1±1.4 68.2±0.7 
150 °C 1h 73.8±7.0 – 262±108 8.67±0.86 47.8±4.3 474±17 103.0±6.4 79.9±0.7 79.4±0.4 78.2±0.7 75.8±0.7 72.9±0.7 
150 °C 4h 73.8±8.3 – 323±54 9.73±1.36 48.1±5.5 431±12 99.3±9.9 78.9±0.6 79.8±0.5 79.5±1.0 76.9±0.4 73.1±0.6 
150 °C 12h 72.4±8.4 0.77±0.10 273±100 9.15±0.89 36.0±2.2 383±1 77.6±5.1 75.4±0.8 77.1±0.1 77.9±0.3 76.6±0.1 – 
170 °C 1h 69.2±7.5 – 295±107 10.75±1.37 53.8±3.4 425±17 108.4±7.6 77.8±0.9 79.1±0.1 78.2±0.5 76.0±0.3 73.0±0.8 
170 °C 4h 71.8±7.7 1.01±0.09 325±76 11.31±0.89 34.1±1.6 353±6 72.3±3.1 76.0±1.4 77.9±0.7 78.1±0.5 77.2±0.8 – 
170 °C 12h 75.1±10.2 1.24±0.25 235±60 9.54±0.60 28.1±4.4 318±5 58.3±8.2 74.5±1.6 76.4±1.7 76.9±1.4 75.5±2.0 – 
180 °C 1h 72.9±10.5 – 340±142 11.57±2.78 63.9±15.6 411±14 126.4±31.0 75.7±1.2 77.2±1.2 76.9±0.4 74.9±0.4 72.9±0.5 









































at 50% at 100% at 200% at 300% at 400% 
(%) (%) (%) (%) (%) 
PU 0.00 50.00 0.00 0.0000 – 58.3±12.8 8.2±1.0 0.32±0.18 69.0±3.0 433.5±21.0 76.1±2.2 94.0±0.8 93.0±0.7 91.4±0.7 87.0±0.3 80.6±0.8 
1 0.07 50.00 0.08 0.0004 – 76.0±18.9 9.8±0.9 0.48±0.01 70.8±4.2 497.7±14.2 90.2±7.0 92.3±0.4 92.5±0.2 90.9±0.8 86.7±0.1 80.1±0.2 
2 0.11 50.00 0.12 0.0006 – 74.8±13.2 12.9±2.1 0.60±0.13 56.3±5.8 452.1±6.9 65.7±8.1 92.7±0.4 91.4±0.1 89.7±0.4 86.3±0.1 80.8±0.6 
3 0.15 50.00 0.16 0.0009 – 69.1±13.7 12.9±1.0 0.70±0.03 55.2±4.0 480.5±12.8 72.8±2.6 92.1±0.2 91.2±0.7 88.5±0.4 85.4±0.7 80.5±0.7 
4 0.19 50.00 0.19 0.0011 0.7±0.1 69.2±9.5 28.7±2.9 1.29±0.07 60.1±1.9 454.7±4.0 76.3±2.2 91.9±0.7 91.8±0.6 89.2±0.3 86.4±0.5 81.2±0.7 
5 0.37 50.00 0.39 0.0021 0.8±0.0 66.2±4.9 64.4±19.9 2.69±0.48 44.0±5.8 461.8±13.2 71.2±10.7 86.1±1.7 87.2±0.4 85.8±0.7 83.5±0.4 79.4±1.1 
6 0.74 50.00 0.77 0.0042 1.0±0.1 70.0±7.4 166.0±18.3 5.43±0.97 35.8±3.6 489.0±1.6 78.4±6.5 82.6±0.2 84.4±0.3 83.8±0.3 81.3±1.6 78.6±1.5 
7 0.93 50.00 0.97 0.0053 1.1±0.2 67.5±11.6 174.7±27.9 6.12±0.41 26.7±3.6 437.8±41.8 63.8±10.2 81.6±1.6 82.6±1.9 82.5±2.2 81.3±0.6 79.3±2.9 
8 1.48 50.00 1.54 0.0084 1.2±0.3 75.1±10.2 235.4±59.6 9.54±0.60 28.1±4.4 318.0±5.5 58.3±8.2 74.5±1.6 76.4±1.7 76.9±1.4 75.5±2.0 – 
9 2.22 50.00 2.29 0.0126 1.8±0.4 76.9±9.5 477.9±110.6 13.50±2.79 20.4±3.0 188.7±22.0 34.7±7.2 72.4±1.4 74.0±1.0 74.4±0.7 – – 
10 2.96 50.00 3.03 0.0167 1.6±0.1 80.7±13.1 624.4±69.2 18.59±0.68 23.2±1.0 142.5±21.1 30.5±5.4 64.9±0.9 67.4±1.1 – – – 
11 3.70 50.00 3.75 0.0208 1.8±0.2 76.1±7.7 885.1±83.6 25.41±1.45 28.3±1.6 18.2±1.4 4.3±0.5 – – – – – 
12 3.70 20.00 8.88 0.0505 5.1±1.6 67.2±10.0 1228.1±119.8 – 21.5±1.7 2.3±0.3 0.2±0.0 – – – – – 
13 3.70 5.00 28.06 0.1754 27.8±5.5 41.5±7.2 2093.2±261.6 – 24.2±2.5 1.7±0.3 0.1±0.0 – – – – – 
14 3.70 1.00 66.10 0.5154 85.5±11.9 46.7±7.6 2270.6±554.2 – 16.6±0.5 1.0±0.3 0.1±0.0 – – – – – 






































at 50% at 100% at 200% at 300% at 400% 
(%) (%) (%) (%) (%) 
1 0.07 50.00 0.09 0.0005 83.1±17.1 9.2±1.9 0.50±0.11 53.5±14.5 457.4±24.2 65.1±19.9 94.0±0.3 93.1±0.6 90.8±0.3 86.0±0.9 79.4±0.5 
2 0.11 50.00 0.13 0.0007 71.6±14.3 16.5±1.0 0.65±0.25 62.3±12.4 468.5±30.6 77.6±19.7 92.6±0.6 92.0±0.5 89.5±0.5 85.6±0.1 79.9±0.7 
3 0.15 50.00 0.17 0.0009 63.9±11.8 23.9±2.0 1.19±0.10 85.9±6.4 478.9±17.4 113.3±12.9 92.8±0.4 91.7±0.2 88.9±0.4 84.6±0.4 78.8±0.4 
4 0.19 50.00 0.21 0.0012 69.4±11.3 27.9±5.3 1.31±0.22 77.1±10.8 472.0±7.4 100.0±12.0 92.6±0.7 92.1±0.2 89.5±0.0 85.1±0.5 79.0±0.6 
5 0.37 50.00 0.43 0.0023 67.8±6.4 74.5±15.8 3.05±0.40 76.6±1.0 463.8±14.2 107.0±1.4 89.0±0.6 89.0±0.2 87.3±0.2 83.7±0.6 79.6±1.4 
6 0.74 50.00 0.85 0.0046 73.4±8.1 199.9±56.8 6.36±0.84 65.0±9.4 461.7±14.4 109.1±16.4 84.7±0.7 86.0±0.6 84.0±0.7 81.4±1.4 77.8±0.4 
7 0.93 50.00 1.06 0.0058 68.6±8.7 247.8±60.1 7.56±1.60 64.4±9.3 425.3±13.3 111.6±15.1 83.3±0.8 83.9±1.1 82.7±1.1 80.0±0.2 76.6±0.6 
8 1.48 50.00 1.68 0.0093 72.9±10.5 340.4±142.4 11.57±2.78 63.9±15.6 410.9±14.4 126.4±31.0 75.7±1.2 77.2±1.2 76.9±0.4 74.9±0.4 72.9±0.5 
9 2.22 50.00 2.50 0.0138 73.8±10.4 592.9±157.0 14.91±4.31 43.0±8.9 363.2±23.5 98.6±19.1 70.8±0.5 72.3±0.4 72.8±0.2 71.9±1.5 – 
10 2.96 50.00 3.31 0.0183 84.3±12.0 712.1±52.1 20.14±2.26 37.3±5.1 232.7±43.1 61.1±17.6 67.9±2.1 68.7±1.1 68.8±0.4 67.8±0.2 – 
11 3.70 50.00 4.10 0.0228 80.7±11.3 788.6±106.7 23.67±3.56 37.4±4.5 192.2±26.7 59.8±7.0 67.1±0.4 68.1±1.5 – – – 
12 3.70 20.00 9.67 0.0551 64.6±12.3 1312.8±180.7 32.89±1.71 35.8±3.4 5.2±1.7 1.0±0.3 – – – – – 
13 3.70 5.00 29.97 0.1893 57.1±10.4 1654.2±393.7 – 23.1±3.0 1.7±0.2 0.2±0.0 – – – – – 
14 3.70 1.00 68.15 0.5386 37.7±10.8 2241.8±258.1 – 25.8±2.7 1.5±0.2 0.1±0.0 – – – – – 




































at 50% at 100% at 200% at 300% at 400% 
(%) (%) (%) (%) (%) 
No Sonication As-spun 71.2±1.9 – 257.7±14.2 7.94±0.45 38.9±5.3 436.1±27.5 74.5±13.3 78.1±1.2 77.1±0.7 75.2±1.1 72.1±1.4 68.2±0.7 
No Sonication 170 °C 12h 75.1±2.3 1.2±0.3 281.0±15.4 9.54±0.60 28.1±4.4 318.0±5.5 58.3±8.2 74.5±1.6 76.4±1.7 76.9±1.4 75.5±2.0 – 
Mild
1
 Sonication As-spun 68.2±5.1 – 181.7±19.5 4.98±0.64 46.5±3.7 442.1±15.9 78.3±9.9 78.8±1.2 78.4±0.1 77.1±0.7 74.9±0.9 70.5±0.4 
Mild Sonication 170 °C 12h 65.2±3.3 1.1±0.2 219.4±18.1 6.62±0.54 41.4±5.0 486.1±20.0 93.5±11.3 79.6±0.7 80.1±1.0 79.9±1.0 78.2±0.6 78.1±0.4 
Harsh
2
 Sonication As-spun 72.9±2.2 – 67.9±11.3 1.29±0.50 33.4±1.6 396.4±1.3 52.4±1.2 80.6±0.5 78.9±0.6 77.4±0.9 74.4±2.1 – 
Harsh Sonication 170 °C 12h 70.4±3.3 1.1±0.1 72.2±12.6 2.07±0.57 27.3±3.3 468.4±39.8 62.0±8.0 76.3±2.2 76.5±1.9 75.5±3.4 74.9±3.6 74.3±3.3 
1
 Bath sonication for 10 min 
2













































0.0 50.0 0.0 102.2±20.9 – 2.9±0.8 0.18±0.05 25.9±7.4 418.1±4.0 27.3±7.7 
5.0 45.0 10.0 96.1±16.6 – 11.7±2.8 0.70±0.14 39.7±3.1 443.0±14.3 61.0±9.2 
5.0 25.0 16.7 41.7±4.7 1.38±0.25 21.6±1.4 1.32±0.36 26.0±5.5 295.5±9.4 37.9±7.8 
PU/SWCNT 
0.0 40.0 0.0 55.3±10.1 0.00 6.0±0.7 0.26±0.08 21.0±2.3 392.4±14.7 28.4±3.5 
0.5 30.0 1.6 39.9±4.3 0.27±0.02 33.9±11.1 0.76±0.33 17.3±0.8 115.5±9.3 9.8±0.5 
0.5 20.0 2.4 29.1±2.2 0.45±0.07 88.9±33.2 2.63±1.04 17.7±4.7 101.2±17.8 10.3±4.0 
0.5 15.0 3.2 25.9±0.6 0.65±0.09 133.7±32.9 3.04±0.77 24.6±4.3 128.4±22.0 17.9±4.7 
0.5 10.0 4.8 20.4±2.1 0.74±0.02 299.7±34.3 8.09±0.34 31.2±2.7 118.5±29.8 25.3±7.0 
PU/CCG 
0.0 50.0 0.0 102.2±20.9 – 2.9±0.8 0.18±0.05 25.9±7.4 418.1±4.0 27.3±7.7 
0.5 7.5 6.3 94.5±12.5 – 41.8±8.5 1.63±0.23 42.2±0.9 358.3±17.3 79.3±2.9 
0.5 6.0 7.7 65.7±3.2 – 53.5±7.6 2.53±0.21 33.0±4.3 255.9±18.7 49.0±9.3 
0.5 4.5 10.0 61.6±2.3 0.15±0.02 128.4±13.8 3.80±0.42 30.5±3.0 126.1±30.7 25.4±9.1 
0.5 4.0 11.1 61.6±2.9 0.26±0.05 149.4±27.5 4.40±0.97 22.0±4.8 40.8±17.2 5.3±3.4 
0.5 3.5 12.5 26.7±4.0 0.40±0.16 188.6±39.4 6.61±1.19 32.5±2.3 55.6±6.6 11.0±1.1 
PU/SEG 
0.0 40.0 0.0 55.3±10.1 – 6.0±0.7 0.26±0.08 21.0±2.3 392.4±14.7 28.4±3.5 
3.3 30.0 9.8 53.4±8.0 – 74.5±9.9 2.42±1.22 30.8±5.8 115.2±7.8 23.5±5.8 
3.3 23.0 12.4 56.2±3.9 0.22±0.13 51.4±12.8 1.35±0.03 7.4±0.3 58.4±2.9 2.9±0.2 
3.3 20.0 14.0 47.2±4.5 0.56±0.16 93.5±11.1 2.43±0.44 7.8±1.1 30.2±5.9 1.5±0.5 
SIBS/PEDOT:PSS 
0 100 0.0 174.8±12.9 – 6.9±2.2 0.26±0.07 4.2±1.2 697.8±63.4 11.0±3.8 
5 100 4.8 155.2±8.2 – 13.4±0.7 0.51±0.04 7.0±0.7 619.6±38.2 17.3±2.5 
10 100 9.1 173.9±6.6 0.13±0.03 20.6±3.3 0.76±0.12 5.3±0.7 524.0±68.8 13.8±2.4 


















at 50% at 100% at 200% at 300% at 400% 
 
(µm) (MPa) (MPa) (MPa) (%) (MJ m
-3
) (%) (%) (%) (%) (%) 
PU 245.2±7.3 9.0±0.2 0.24±0.14 53.1±11.7 594.9±39.1 98.0±28.1 93.2±0.9 91.2±0.3 88.4±0.5 84.2±0.9 79.6±1.2 
PU/PEDOT:PSS 1 wt. % 342.6±9.0 9.5±0.4 0.39±0.05 14.8±3.1 498.4±63.1 35.8±9.9 88.2±0.5 85.9±0.5 82.7±0.5 78.4±0.5 74.4±0.7 
PU/ULGO 0.15 wt. % 260.8±8.6 11.6±0.2 0.48±0.05 41.7±2.1 569.7±18.5 98.0±6.5 90.4±4.1 84.8±1.4 72.3±0.4 60.2±0.3 52.1±0.0 






MATLAB code for calculating tensile properties 
% This code calculates Young's Modulus, Yield Stress, 
% Tensile Strength, Elongation at Break and Toughness and 
% plots the Stress vs. Strain curves 
% Shayan Seyedin 
clear 
clc 
Names=importdata('Tensile.txt','\t'); % Reads names of files  
% to be analysed from a text file 
for i=1:length(Names) 
    clearvars -except Names i 
    Name=Names{i}; 
    Data = xlsread([Name '.csv'], 'A:C'); % Imports force and 
    % displacement values 
    Data=Data(14:end,:); 
    Diameter=xlsread([Name '.csv'], 'B8:B8')*1000; % Imports fibre 
    % diameter 
    Stress=Data(:,2)/(pi/4*Diameter^2)*10^6; 
    Strain=Data(:,3)*10; 
    MechanicalGUI % Runs the Graphical User Interface (GUI) 
    hdlg=helpdlg('Press OK to continue'); 
    uiwait(hdlg); % Waits until linear region is picked 
    % mll (modulus lower limit) and mul (modulus upper limit) are  
    % calculated from the GUI 
    indm=find(Strain<mul); 
    indm=indm(end); 
    ind1=find(Strain(1:indm)>mll); 
    ind1=ind1(1); 
    Fit=fit(Strain(ind1:indm),Stress(ind1:indm),'a*x+b'); 
    Coefs=coeffvalues(Fit); 
    Modulus=100*Coefs(1); % Young's Modulus 
    figure('Name','Modulus','NumberTitle','off'); 
    plot(Strain(ind1:indm),Stress(ind1:indm),'LineWidth',3) 
    Yield=Stress(find(Strain>=5,1)); % Yield Stress 
    [Max_Stress,ind]=max(Stress); % Tensile Strength 
    Stress=Stress(1:ind); 
    Strain=Strain(1:ind); 
    Strain_Break=Strain(end); % Elongation at Break 
    Toughness=sum((Stress(2:end)+Stress(1:end-1)).*... 
        (Strain(2:end)-Strain(1:end-1))/200); % Toughness 
    Results=[Diameter Modulus Yield Max_Stress Strain_Break ... 
        Toughness]; 
    figure('Name','Tensile Test','NumberTitle','off'); 
    plot(Strain, Stress,'LineWidth',2); 
    ylim([0 5*ceil(Max_Stress/5)]) 
    set(gca,'linewidth',2,'TickDir','out','FontName',... 
        'Times New Roman','FontSize',20) 
    xlabel('Strain (%)','FontWeight','bold'); 
    ylabel('Stress (MPa)','FontWeight','bold'); 
    set(gcf, 'Position', [0 0 800 600]); 
    set(gcf, 'PaperPositionMode','auto') 
    save(['.\Results\' Name]) 






MATLAB code for calculating elastic recoveries 
% This code calculates Elastic Recovery at different applied strain 
% magnitudes and plots the Stress vs. Strain curves 
% Shayan Seyedin 
clear 
clc 
Names=importdata('Elastic Recovery.txt','\t'); % Reads names of 
% files to be analysed from a text file 
for i=1:length(Names) 
    clearvars -except Names i 
    Name=Names{i}; 
    Data = xlsread([Name '.csv'], 'A:C'); % Imports force and 
    % displacement values 
    Data=Data(14:end,:); 
    Diameter = xlsread([Name '.csv'], 'B8:B8')*1000; % Imports fibre 
    % diameter 
    Stress=Data(:,2)/(pi/4*Diameter^2)*10^6; 
    Strain=Data(:,3)*10; 
    MechanicalGUI % Runs the Graphical User Interface (GUI) 
    hdlg=helpdlg('Press OK to continue'); 
    uiwait(hdlg); % Waits until linear region and offset are picked 
    % sll (stress lower limit), mll (modulus lower limit) and 
    % mul (modulus upper limit) are calculated from the GUI 
    ind0=find(Strain<sll); 
    if isempty(ind0) 
        ind0=1; 
    end 
    ind0=ind0(end); 
    indm=find(50>Strain & Strain>mul); 
    indm=indm(1)-1; 
    ind1=find(Strain(1:indm)>mll); 
    ind1=ind1(1); 
    Fit=fit(Strain(ind1:indm),Stress(ind1:indm),'a*x+b'); 
    Coefs=coeffvalues(Fit); 
    Modulus=100*Coefs(1); % Young's Modulus 
    figure('Name','Modulus','NumberTitle','off'); 
    plot(Strain(ind1:indm),Stress(ind1:indm),'LineWidth',3) 
    [Max_Stress,ind]=max(Stress); % Tensile Strength 
    indend=find(Stress>3); 
    indend=indend(end); 
    Strain=Strain(1:indend); 
    Stress=Stress(1:indend); 
    ind50=find(49.5<Strain & Strain<50.5,1); 
    while ~isempty(ind50) && Strain(ind50)<Strain(ind50+1) 
        ind50=ind50+1; 
    end 
    ind100=find(99.5<Strain & Strain<100.5,1); 
    while ~isempty(ind100) && Strain(ind100)<Strain(ind100+1) 
        ind100=ind100+1; 
    end 
    ind200=find(199.5<Strain & Strain<200.5,1); 
    while ~isempty(ind200) && ind200+1<size(Strain,1) &&... 
            Strain(ind200)<Strain(ind200+1) 
        ind200=ind200+1; 
    end 
    ind300=find(299.5<Strain & Strain<300.5,1); 
    while ~isempty(ind300) && ind300+1<size(Strain,1) &&... 
            Strain(ind300)<Strain(ind300+1) 
        ind300=ind300+1; 




    ind400=find(399.5<Strain & Strain<400.5,1); 
    while ~isempty(ind400) && ind400+1<size(Strain,1) &&... 
            Strain(ind400)<Strain(ind400+1) 
        ind400=ind400+1; 
    end 
    Strain_Max50=Strain(ind50); 
    Strain_Min50=min(Strain(ind50:ind100)); 
    Elasticity50=(1-(Strain_Min50-Strain(ind0))/... 
        (Strain_Max50-Strain(ind0)))*100; 
    [Strain_Min50,indmin50]=min(Strain(ind50:end)); 
    indmin50=ind200+indmin50-1; 
    if isempty(ind100) 
        Elasticity100=[]; Elasticity200=[]; 
        Elasticity300=[]; Elasticity400=[]; 
        [Stress_Break,indbreak]=max(Stress(indmin50:end)); 
        indbreak=indmin50+indbreak-1; 
    else 
        Strain_Max100=Strain(ind100); 
        [Strain_Min100,indmin100]=min(Strain(ind100:end)); 
        Elasticity100=... 
            (1-(Strain_Min100-Strain(ind0))/... 
            (Strain_Max100-Strain(ind0)))*100; 
        if isempty(ind200) 
            Elasticity200=[]; Elasticity300=[]; Elasticity400=[]; 
            indmin100=ind100+indmin100-1; 
            [Stress_Break,indbreak]=max(Stress(indmin100:end)); 
            indbreak=indmin100+indbreak-1; 
        else 
            Strain_Max200=Strain(ind200); 
            [Strain_Min200,indmin200]=min(Strain(ind200:end)); 
            Elasticity200=... 
                (1-(Strain_Min200-Strain(ind0))/... 
                (Strain_Max200-Strain(ind0)))*100; 
            if isempty(ind300) 
                Elasticity300=[]; Elasticity400=[]; 
                indmin200=ind200+indmin200-1; 
                [Stress_Break,indbreak]=max(Stress(indmin200:end)); 
                indbreak=indmin200+indbreak-1; 
            else 
                Strain_Max300=Strain(ind300); 
                [Strain_Min300,indmin300]=min(Strain(ind300:end)); 
                Elasticity300=... 
                    (1-(Strain_Min300-Strain(ind0))/... 
                    (Strain_Max300-Strain(ind0)))*100; 
                if isempty(ind400) 
                    Elasticity400=[]; 
                    indmin300=ind300+indmin300-1; 
                    [Stress_Break,indbreak]=... 
                        max(Stress(indmin300:end)); 
                    indbreak=indmin300+indbreak-1; 
                else 
                    Strain_Max400=Strain(ind400); 
                    [Strain_Min400,indmin400]=... 
                        min(Strain(ind400:end)); 
                    Elasticity400=... 
                        (1-(Strain_Min400-Strain(ind0))/... 
                        (Strain_Max400-Strain(ind0)))*100; 
                    indmin400=ind400+indmin400-1; 
                    [Stress_Break,indbreak]=... 
                        max(Stress(indmin400:end)); 




                end 
            end 
        end 
    end 
    Strain=Strain(1:indbreak); 
    Stress=Stress(1:indbreak); 
    Strain_Break=Strain(end); % Elongation at Break 
    Results=[Diameter Modulus Strain_Break Stress_Break ... 
        Max_Stress Elasticity50 Elasticity100 ... 
        Elasticity200 Elasticity300 Elasticity400]; 
    figure('Name','Elasticity Test','NumberTitle','off'); 
    plot(Strain, Stress,'LineWidth',3); 
    ylim([0 5*ceil(Max_Stress/5)]) 
    set(gca,'linewidth',2,'TickDir','out','FontName',... 
        'Times New Roman','FontSize',20) 
    xlabel('Strain (%)','FontWeight','bold'); 
    ylabel('Stress (MPa)','FontWeight','bold'); 
    set(gcf, 'Position', [0 0 800 600]); 
    set(gcf, 'PaperPositionMode','auto') 
    save(['.\Results\' Name]) 
    saveas(gcf,['.\Results\' Name '.fig']) 
end 
 
 
